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ABSTRACT

A citric acid modified peanut husk (MPH) was used as adsorbent for removal of neutral red
(NR) and methylene blue (MB) from aqueous solution. A batch system was applied to study
the behavior of NR and MB adsorption in single and binary systems on MPH. Such studies
were conducted by varying various parameters such as the initial dye concentration, the pH,
the salt concentration, the temperature, and the contact time. Adsorption kinetic data were
fitted using pseudo-first-order equation, pseudo-second-order equation, and intraparticle dif-
fusion model. The process mechanism was found to be complex, consisting of both surface
adsorption and pore diffusion. The effective diffusion parameter D; values estimated in the
order of 10 ®cm?/s indicated that the intraparticle diffusion was not the rate-controlling
step. The NR adsorption isotherm follows the Langmuir model, while MB adsorption follows
the Freundlich isotherm. The thermodynamics parameters of adsorption systems indicated
spontaneous and endothermic process. In binary system, NR and MB exhibited competitive
adsorption. The adsorption of NR or MB is considerably reduced with an increasing concen-
tration of the other. The quantity of MB adsorbed is more strongly by NR due to the higher
affinity of MPH for the latter.

Keywords: Modified peanut husk (MPH); Neutral red (NR); Methylene blue (MB); Adsorp-

tion; Mechanism

1. Introduction

Dyes usually have a synthetic origin and complex
aromatic molecular structures which make them more
stable and more difficult to biodegrade. Dyes are
important pollutants, causing environmental and
health problems to human beings and aquatic animals
[1]. So, it is necessary for the colored effluents to be
treated properly before they are discharged into the
water bodies [2]. Removal of dyes from wastewater
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can be achieved by several techniques, such as reverse
osmosis, electrodialysis, ultrafiltration, ion exchange,
chemical precipitation, etc. [3]. However, all these
methods may suffer from one or more limitations and
are not successful in completely removing the dyestuff
from wastewater [4]. In contrast, adsorption has
emerged as an efficient and cost-effective alternative
to conventional contaminated water treatment facili-
ties. The most widely used adsorbent for the removal
of dyes is the activated carbon which is expensive and
has high regeneration cost [5]. Therefore, many
researchers have studied dye adsorption by different
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low-cost adsorbents such as agricultural byproduct,
industrial waste, and natural and modified clays [6,7].

Agricultural by-products such as peanut husk,
apple pomace, wheat straw and wheat shell, cereal
chaff, fruit peel, bark and leaves, banana pith, banana
peel, plum kernels, sawdust, coir pith, sugarcane
bagasse, tea leaves, bamboo dust, etc. have been
widely studied for removal of dyes from wastewater
[8-11]. However, the application of untreated plant
wastes as adsorbents can also bring several problems
such as lower adsorption capacity, higher chemical
oxygen demand (COD), and biological chemical
demand (BOD) as well as total organic carbon (TOC)
due to release of soluble organic compounds con-
tained in the plant materials [12]. Therefore, plant
wastes need to be modified or treated before being
applied for the decontamination of dyes. Pretreatment
methods using different kinds of modifying agents
such as base solutions (sodium hydroxide) mineral
and organic acid solutions (hydrochloric acid, phos-
phoric acid, tartaric acid, citric acid, and thioglycollic
acid), organic compounds (ethylenediamine and form-
aldehyde), etc. for the purpose of removing soluble
organic compounds, eliminating color of the aqueous
solutions, and increasing efficiency of dye adsorption
have been performed by many researchers [13-16].
Modification of agricultural by-products can be car-
ried out to achieve adequate structural durability,
enhance their natural ion exchange capability and add
value to the by-product [17]. Low et al. [18] used
esterifying wood to adsorb copper and lead. The max-
imum adsorption capacities increased 10 folds com-
pared to untreated wood. Vaughan et al. [19]
modified corncobs with citric acid and reported
adsorption efficiency with five different metal ions
(cadmium, copper, lead, nickel, and zinc). The result
showed that modified corncobs had the same adsorp-
tion efficiency as Duolite GT-73 for cadmium, copper,
nickel, and zinc ions and had greater adsorption than
CMC for nickel and zinc ions. Gong and coworkers
[13] employed esterifying rice straw for enhancing
malachite green removal. They also reported the
adsorption behavior of methylene blue and crystal
violet on citric acid esterifying wheat straw. The maxi-
mum adsorption capacity for MB and CV was 312.50
and 227.27 mg/g, respectively [13].

Peanut is an oil plant which is extensively cultured
in China. Peanut husk is an abundant and inexpensive
agricultural by-product. Most of this agricultural by-
product is arbitrarily discarded or set on fire. These
disposals must result in environmental pollution. It
contains abundant lignin, cellulose, and some func-
tional groups such as carboxyl, hydroxyl, phenolic,
and amide groups, etc. in its structure, so it can be uti-

lized for dyes and heavy metals removal as it can also
bring unlimited number of economic and environmen-
tal benefits to the industrial wastewater treatment
[20,21]. However, the studies on the use of citric acid
modified peanut husk as an adsorbent in removal
dyes from solutions are limited, and in the previous
studies, only single component systems were investi-
gated, and a few investigations on binary systems
have been reported to consider competitive adsorp-
tion using modified plant materials. Understanding
of multicomponent interaction with adsorbent would
be very helpful for its use in wastewater treatment.

Thermochemical esterifying citric acid on peanut
husk can enhance peanut husk ability of cationic dye
adsorption. When heated, citric acid will dehydrate
to yield a reactive anhydride which can react with
the hydroxyl groups on the cellulose to form an ester
linkage. The introduced free carboxyl groups of citric
acid onto plant material surfaces increase the net neg-
ative charge on the peanut husk fiber, thereby
increasing its binding potential for cationic contami-
nants [13,19].

To observe the potential feasibility of removing
color, peanut husk was modified with citric acid and
used for adsorption of cationic dyes from aqueous
solution. The dyes selected as adsorbate were neutral
red (C.I1.50040, FW =288.8, /max=530nm) and methy-
lene blue (C.1.52015, FW =373.9, 1,.x =660 nm). In this
paper, an investigation of coadsorption of neutral red
(NB) and methylene blue (MB) is presented. We
compare their adsorption in single and binary systems
to investigate simultaneous adsorption processes and
determine the adsorption kinetics and equilibrium in
single systems. Further, the kinetics and the mechanis-
tic steps involved in the sorption process were
evaluated at different temperatures. The adsorption
capacity of the adsorbents used in the present work
was also compared with other adsorbents used by
different researchers.

2. Materials and methods
2.1. Preparation of MPH

Fresh biomass of peanut husk was collected from
its natural habitats in the farmland, Luoyang City,
China. It was washed a few times with distilled water,
dried for 8h at 60°C in the oven. The dry peanut husk
was crushed into powder and sieved to 20—40 mesh
fractions for chemical modification.

MPH was prepared according to the modified
method [19]. Ground peanut husk was mixed with
0.6 mol/L citric acid at the ratio of 1:12 (peanut husk/
acid, w/v) and stirred for 30min at 20°C. The acid
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peanut husk slurries were placed in a stainless steel
tray and dried at 50°C in a forced air oven for 24 h.
Then the thermochemical esterification between acid
and peanut husk was enhanced by raising the oven
temperature to 120°C for 90min. After cooling, the
esterified peanut husk was washed with distilled water
until the liquid did not turn turbidity when 0.1 mol/L
Pb(NOs), was dropped in. After filtration, MPH was
suspended in 0.1mol/L NaOH solution at suitable
ratio and stirred for 60 min, followed by washing thor-
oughly with distilled water to remove residual alkali,
next dried at 50°C for 24 h and preserved in a desicca-
tor for use.

The chemical modification of peanut husk may be
expressed schematically as [19]:

CH,-COOH CH,-CO
\ —H0 ‘ O ce-0H
HO—C—COOH —i=>= HO—C—C0” ——>
\ \
CH,-COOH CH,-COOH

where Ce-OH corresponds to natural peanut husk.

The determination of pH,,. of MPH was per-
formed according to the solid addition method [22]:
20mL of 0.01mol/L KNO; solution was placed in
conical flasks. The initial pH of the solutions was
adjusted to a value between 2 and 11 by adding
1mol/L HCl or NaOH solution. Then 0.1g of MPH
was added to each flask, stirred, and the final pH of
the solutions was measured after 24h. The value of
PHpc can be determined from the curve that cuts the
pH; line of the plot ApH vs. pH;. The plot of change
in solution pH (ApH) vs. initial pH (pH;) showed that
with increasing initial solution pH, the pH change
become more negative and the zero value of ApH was
reached at pH; value of 4.21, which is considered as
the pH,,. of MPH (shown in Fig. 2).

2.2. Preparation of cationic dyes solution

All the chemicals used in this work were analytical
grade reagents with deionized water used for solution
preparation. The dyes of NR and MB were obtained
from the Luoyang Chemical Corporation in China.
The NR and MB stock solutions were prepared by dis-
solving accurately weighted dye in distilled water to
the concentration of 1,000mg/L, respectively. The
experimental solutions were obtained by diluting the
dye stock solution in accurate proportions to different
initial concentrations. As experiment result proved
that the optional value of solution pH for NR and MB
is 5 and 7, respectively, the initial pH of the working
solution was adjusted by addition of 1mol/L HCI or
NaOH solution.

2.3. Experimental methods and measurements

The adsorption of two cationic dyes on MPH was
investigated in batch mode adsorption equilibrium
experiments. All batch experiments were carried out
in 50mL flasks containing a fixed amount of adsor-
bent with 10mL dye solution at a known initial con-
centration. The flasks were agitated at a constant
speed of 100rpm for 480 min in an orbital shaker. For
isothermal studies, a series of 50mL flasks were used
and each flask was filled with MPH at mass loadings
3g/L for NR or MB solutions with different initial
concentrations varying from 10 to 500mg/L at 283,
298, and 313K, respectively. Biosorption kinetic study
was conducted with a known initial dyes concentra-

CH,-COO-Ce CH,-COO-Ce
| 2NaOH 2H,0 |
HO — $*COOH —N A 5 HO— C—COONa
|
CH,-COOH CH,-COONa

tion at temperatures of 283, 293 and 303K, respec-
tively. Samples were collected at various shaking time
intervals until the concentration of dyes in the dilute
phase became constant. The effect of pH on adsorp-
tion of MB onto MPH was investigated by varying the
solution initial pH from 2.0 to 10.00. As NR is precipi-
tated when pH is above 7 in an experiment, the effect
of pH on NR removal was analyzed over the pH
range from 1 to 7. The pH was adjusted using 1mol/
L NaOH or HCI solutions. The effects of the ionic
strength of NaCl or CaCl, solution (0.01-0.1mol/L) on
dyes uptake were then examined. For binary systems,
MPH at loadings of 3g/L was mixed with NR and
MB mixture solutions at various initial concentrations.
The contact time was 480 min.

Concentrations in aqueous solution were deter-
mined spectrophotometrically in the visible range of
the spectrum. After adsorption, the adsorbent was
separated by filtering. For single component systems,
concentrations were measured based on the solution
absorbance (A) at wavelengths corresponding to the
maximum absorbance by NR and MB. The concentra-
tion of dyes in solution was performed on a UV/Vis-
3000 spectrophotometer (Shimadzu Brand UV-3000,
with a 1-cm path length) at a wavelength of maximum
absorbance of 530 and 660 nm for NR and MB, respec-
tively. Each experiment was repeated three times and
the results given were the average value.

For the binary system, the dye concentrations were
measured using the following formula:

Aszp = knrs30)bCnr + kv (s30) PCuis (1)
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Ageo = knre60)PCNr + kni(660)PCuis (2)

where A is the absorbance for mixture solution, k is
the absorption coefficient (L/mgcm), and b is light
path length through solution.

The amount of dye adsorbed onto unit weight of
adsorbent (q) was calculated using the following equa-
tion:

V(G- C)
= - 3
1000m ®)
where V is the solution volume in L, C; is the initial
dye concentration in mg/L, C is the dye concentration
at any time in mg/L, and m is the dry weight of MPH
ing.

2.4. Regeneration studies

In order to determine the reusability of MPH, con-
secutive adsorption—-desorption cycles were repeated
three times. The solution of 0.1mol/L HCl was used
as the desorbing agent. The MPH loaded with NR or
MB was placed in the desorbing medium and was
constantly stirred on a rotatory shaker at 100 rpm for
120 min at 283 K. After each cycle of adsorption and
desorption, the adsorbent was washed with distilled

%T

3000

water and reconditioned for adsorption in the suc-
ceeding cycle.

3. Results and discussion
3.1. FTIR of NPH and MPH

Like all vegetable biomass, peanut husks are com-
posed of cellulose (34-45%), lignin (27-33%), fiber (60—
70%), protein (6-7%), moisture (8-10%), fat (1%), and
ash (2—4%) [23]. From elemental analysis, the contents
(%, of total matter) were obtained for carbon (45.49),
hydrogen (5.93), oxygen (34.41), and nitrogen (1.26)
[24]. Peanut husks, mainly consisted of polysaccha-
rides, proteins, and lipids, offer many polar functional
groups such as carboxyl, carbonyl, hydroxyl, and
amino groups which can be involved in dye binding.
The pattern of adsorption of ions onto plant materials
was attributable to the active groups and bonds pres-
ent on them.

The FTIR technique is an important tool to identify
some characteristic functional groups, which are capa-
ble of adsorbing dye ions [25]. The FTIR of NPH and
MPH was shown in Fig. 1. As shown in Fig. 1, the
spectra displayed a number of absorption peaks, indi-
cating the complex nature of the material. The broad
band around 3,426 cm ™! was attributed to the surface

2000 1000

Wavenumbers (cm™)

Fig. 1. Fourier transform infrared spectra of natural peanut husk (NPH), modified peanut husk (MPH), and modified

peanut husk (MPH) adsorbed NR and MB.
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hydroxyl groups, adsorbed water, and amine groups.
The O—-H stretching vibrations occurred within a
broad range of frequencies indicating the presence of
“free” hydroxyl groups and bonded O—H bands of
carboxylic acids. The peaks observed at 2,927 and
1,383cm " were assigned to the stretch vibration and
bending vibration of C-H bond in methyl group,
respectively. These groups were present on the lignin
structure [25]. The peaks located at 1,739 and
1,638cm " were characteristics of the carbonyl group
stretching from carboxylic acids and ketones. They
could be conjugated or nonconjugated to aromatic
rings (1,739 and 1,638cm !, respectively). The peaks
associated with the stretching in aromatic rings (from
lignin) were verified at 1,511cm™'. The peak near
1,423 cm ™! was attributed to the stretch vibration of C—
O from the carboxyl group. The peak at 1265cm ™" is
indicative of the OH in-plane bending cellulose. The
wave number observed at 1,054cm ™! was due to the
C—O group in carboxylic and alcoholic groups [25].

From Fig. 1, it is shown that modification brought
increase of stretch vibration adsorption band of car-
boxyl group (at 1,735cm ™ '). The shift of some peaks
changed after modification. The results showed that
MPH had more carboxyl groups than NPH. The inten-
sity is a function of the change in electric dipole
moment and also the total number of such bonds in
the sample. The band of C-O group is more intense
than that of C=O group, possibly because of more C-
O groups present in the modified peanut husk [25].
These groups may function as proton donors, hence
deprotonated hydroxyl and carboxyl groups may be
involved in coordination with positive dye ions.
Dissolved NR and MB ions are positively charged and
will undergo attraction on approaching the anionic
MPH structure. On this basis, it is expected that an
NR and MB ions will have a strong sorption affinity
by MPH.

It was observed from Fig. 1 that after adsorbing
NR and MB on MPH, there were slight changes in the
absorption peak frequencies, which suggested that
there was a binding process taking place on the sur-
face of the adsorbent. As seen in Fig. 1, after adsorb-
ing MB on MPH, vibration strength of three peaks,
1,599, 1,331, and 884cm ' (which indicated the
bonded C-O groups, aromatic nitro compound, and
C-C group) significantly increased. For NR-loaded
MPH, strength of peak at 1,509 cm ™! also increased.
This change was contributed to dye molecular
adsorbed onto surface of adsorbent. The above results
obtained give an idea about the presence of functional
groups on the MPH surfaces and also the mechanism
of adsorption, which is dependent on functional
groups especially carboxyl groups.

3.2. Effect of initial pH

The pH,,. of an adsorbent is a very important
characteristic that determines the pH at which the
adsorbent surface has net electrical neutrality. Fig. 2
illustrates the point of zero charge (pzc) of MPH. The
pHyc of MPH was found to be 4.21.

Initial pH value of solution is one of the most
important factors influencing the dye adsorption. This
is because hydrogen ion competing with the positively
charged dye ions on the active sites of the adsorbent.
Fig. 3 shows the effect of initial solution pH on the
percent color removal of NR and MB adsorbed at
equilibrium conditions. As shown in Fig. 3, the uptake
of two dye ions depends on pH, it increases with the
increase in pH reaching the maximum adsorption at
5.0 and 7.8 for NR and MB, respectively. On higher

pH_ =421

ApH

Fig. 2. The variation of point of zero charge with
equilibrium pH of MPH suspensions.
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; ; ; ; ; ;
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Fig. 3. Effect of the initial solution pH on the removal of
NR and MB by MPH (Conr)y = 150mg/L; 300mg/L,
Coamy = 150mg/L; 300mg/L, MPH dosage = 3g/L,
contact time = 480 min, 283 K).
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pH values, a slight decrease of adsorption for NR and
MB ions was observed. The values of g. for MPH
were the smallest at the initial pH 2.0. Because of the
varying amounts and nature of surface oxygen, adsor-
bents of MPH should be regarded as a special case of
amphoteric solids. Both negative and positively
charged surface sites exist in aqueous solution,
depending on the solution pH. When solution
pH<pH_;., the surface of MPH is positively charged
and attractive to anions. The practical functional
group of MPH is carboxyl group. The presence of
excess H" ions could restrain the ionization of the car-
boxyl group, so the nonionic form of carboxyl group,
—-COOH, was presented. The adsorption capacity of
dye ions was small because of the absence of electro-
static interaction. When solution pH>pH,,., the sur-
face of MPH is negatively charges and can attract
cations from the solution. The carboxyl group is
turned into -COO~, a significantly high electrostatic
attraction exists between the negatively charged sur-
face of MPH and cationic dye molecules, leading to
maximum dye adsorption. Similar results were
reported for the adsorption of cationic dye from aque-
ous solution on biosorbent [25].

3.3. Effect of NaCl and CaCl, concentration on adsorption

Different amount of various salts present in the
dye-laden wastewaters, these salts can result in a high
ionic strength which may affect the performance of
the adsorption process. In this study, a series of NaCl
and CaCl, solutions, ranging in concentration were
employed as background solutions to study the effect
of salt concentration, as well as the effect of competi-
tive ions on the adsorption of NR and MB.

Fig. 4 shows the influence of NaCl and CaCl, on
the adsorption of NR and MB onto MPH. In the
absence of salt, the adsorption capacity of NR was
37.3 and 61.8mg/g at the initial concentration of 150
and 300mg/L, respectively. And the adsorption
capacity of MB was 31.2 and 50.1mg/g at the initial
concentration of 150 and 300mg/L, respectively.
However, increasing the salt concentration led to a
decrease of NR and MB adsorption on MPH. The
uptake of NR and MB decreased from 37.3 and
31.2mg/g to 29.9 and 21.6mg/g for an increase in
NaCl concentration from 0.01 to 0.10mol/L (the initial
concentration of NR and MB was 150mg/L), respec-
tively. While the uptake of NR and MB decreased
from rom 37.3 and 31.2mg/g to 19.4 and 8.0mg/g in
the presence of CaCl,, respectively. This suggests that
CaCl, induced a greater suppression effect over NR
and MB ions than NaCl under the concentration range

NR
70 —&— NaCl (150 mg/L)
—— CaClz( 150 mg/L)
—&— NaCl (300 mg/L)
60 —— CaClz(30() mg/L)
—
= 501
g
\tu
S 40 A
30
20 4
T T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
salt concentration/(mol/L)
60 MB
—— NaCl (150 mg/L)
—6— CaCl,(150 mg/L)
50 —&— NaCl (300 mg/L)
—©— CaCl,(300 mg/L)
40 A
20
)
£ 30 -
i/’u
S
20 A
10 A

T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
salt concentration/(mol/L)

Fig. 4. The effect of NaCl and CaCl, concentration on
adsorption (Comry = 150mg/L; 300mg/L, Comp =
150mg/L; 300mg/L, MPH dosage = 3g/L, contact time =
480 min, 283 K).

studied. In general, the reduction in cationic dyes
uptake in NaCl or CaCl, electrolyte solutions can be
explained in terms of two aspects: first, the competi-
tive effect of Na* and Ca®* for binding sites and sec-
ond, the expansion of the electrical diffused double
layer. Such expansion could inhibit the adsorbent and
metal ions from approaching each other, and a
decrease in electrostatic attraction would be expected
[25]. As Ca®* has more contribution to ionic strength
and more positive charge than Na*, the effect of Ca**
on adsorption is more serious than Na® in the same
mole concentration.

3.4. Adsorption kinetic study

Fig. 5 illustrates the effect of contact time on
adsorption of NR and MB on MPH at different tem-
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perature. From Fig. 5, it was found that the adsorptive
quantity of both NR and MB on MPH increased with
the contact time increasing. A two-stage kinetic behav-
ior was evident: an initial rapid stage where adsorp-
tion was fast and contributed significant to
equilibrium uptake and a slower second stage whose
contribution to the total NR and MB adsorption was
relatively small.

It was also seen from Fig. 5 that higher tempera-
ture was advantage of the increase in adsorption
quantity. This indicated that the adsorption of NR and
MB ions onto MPH was endothermic in nature. The
increase in adsorption with temperature may be
attributed to either increase in the number of active
surface sites available for sorption on the adsorbent or
due to the decrease in the boundary layer thickness
surrounding the sorbent, so that the mass transfer

resistance of adsorbate in the boundary layer
decreased [26].
50 NR —%
]
40 -
o
=~
en
E 30+
=
S
207 s 283K
& e 293K
104 A 303K
a4 pseudo first order model fitted
- ———-pseudo second order model fitted
0 T v T v T v T v T v T
0 100 200 300 400 500
t/min
&
80 1 T
e -
I i
60
—_
o0
<
)
g‘/ 40
\.a
S
= 283K
20 e 293K
e A 303K
¢ - pseudo first order model fitted
~—-—pseudo second order model fitted
0 T

T T T T T T T T T T
0 100 200 300 400 500
t/min
Fig. 5. The effect of contacting time on adsorption of NR

(Co,=150mg/L) and MB (C,=300mg/L) by MPH (MPH
dosage = 3g/L).

In order to analyze the adsorption kinetics for
the adsorption of NR and MB, the pseudo-first-
order kinetic model, pseudo-second-order kinetic
model, and intraparticle diffusion model were
applied.

The pseudo-first-order kinetic model is expressed
as [27]:

ge=qe(1—e™") (4)

The pseudo-second-order kinetic model is given
by the following equation as [27]:

kzqit
qr = 1+ kool (5)
where g, and g; are the amount of dyes adsorbed per
unit weight of the adsorbent at equilibrium and at
any time ¢, respectively (mg/g), k; is the rate constant
of pseudo-first-order adsorption (1/min); and k; is
the rate constant of pseudo-second-order adsorption
(g/mg min).

Table 1 presents the results of fitting experimental
data with pseudo-first-order and pseudo-second-order
equations using nonlinear analysis. The fitted curves
are also shown in Fig. 5.

From Table 1, it was found that the values of g,
ki, and k, increased with when temperature increased
for both NR and MB adsorption. The values of R*
(bigger than 0.97) and x> (less than 2.50) for NR are
slightly different for pseudo-first-order equation and
pseudo-second-order equation, respectively. The cal-
culated values of g, obtained from pseudo-first-order
model and pseudo-second-order model agreed more
perfectly with the experimental fe(exp) values of NR
adsorption at three different temperatures, respec-
tively. So it is concluded that two models can predict
the kinetic process of NR on MPH in experimental
condition.

But for MB adsorption, pseudo-second-order
kinetic model is better to fit the whole adsorption pro-
cess according to the values of R* and %°. Fig. 5 typi-
cally illustrates the comparison between the calculated
and measured results for the adsorption of NR and
MB onto MPH.

From the plots of pseudo-second-order Kkinetic
model, k,g.” known as the initial adsorption rate was
also obtained, for NR (0.881, 1.212, and 1.711mg/
gmin) and for MB (1.796, 2.391, and 3.842mg/g min)
at different temperatures, respectively. The value of
kzqe2 and g. indicates higher temperature that favors
the adsorption process by increasing adsorption rate
and capacity.
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Table 1

Kinetic parameters of NR and MB adsorption onto MPH
T/K 283 K

NR

Pseudo-first-order model

k1/(1/min) 0.016 £0.001
Je(cany/ (Mg/g) 40.57 +0.920
qe(exp)/(mg/g) 41.36

R? 0.9857

Y 1313
Pseudo-second-order model

k»/(g/mgmin) x10* 3.90+0.50
Jetcany/ (Mg/g) 47.54+1.362
R? 0.9879

x 1.091
Intraparticle diffusion model

C/(mg/g) —1.327+0.851
K1/ (mg/gmin) 2.985 +0.096
Cy/(mg/g) 32.644 +3.477
K2/ (mg/gmin) 0.412+0.195
MB

Pseudo-first-order model

k1/(1/min) 0.020 +0.0038
Jecan/ (mg/g) 59.83 +2.96
Jetexp)/ (Mg/8) 64.58

R? 0.8971

x 10.389
Pseudo-second-order model

ka/(g/mgmin) x10* 3.90+0.70
e(can/ (mg/g) 67.86£2.59
R? 0.9655

x 2.803
Intraparticle diffusion model

C1/(mg/g) 9.351 +0.804
Ky /(mg/gmin) 3.413+0.096
Cy/(mg/g) 46.093 + 6.289
Kip/(mg/gmin) 0.882+0.338

293K 303K

0.020 +0.002 0.026 +0.002
44.47 +0.984 47.08 £0.991
45.63 48.68

0.9830 0.9793

1.427 1.426
4.60+0.70 6.00+0.10
51.32+1.673 53.40+1.744
0.9798 0.9715

2.000 2.456
—3.615+0.691 —-3.014+1.014
3.861+0.100 4.662 +0.156
37.361+3.083 38.319+1.937
0.387 +0.166 0.500+0.131
0.025+0.0048 0.029 +0.0049
65.82+3.29 7746 £3.21
71.48 83.59

0.8713 0.8954

10.108 7.811
4.40+0.90 5.20+0.60
73.72+2.80 85.96 +2.22
0.9561 0.9752

3.159 1.639

14.821+1.125

25.789 +1.184

3.526£0.120 3.655+0.135
56.472 +6.669 72.388 £ 6.315
0.710+0.354 0.535+0.327

2
axz o Z (QC,cxp QQ,cal)

fe cal

3.5. Mechanism of adsorption

For practical applications of adsorption such as
process design and control, it is important to under-
stand the dynamic behavior of the system. However
the determination of the sorption mechanism is also
important for design purposes. In a solid-liquid
adsorption process, the adsorbate transport from the
solution phase to the surface of the adsorbent particles
is characterized by either boundary-layer diffusion
(external mass transfer) or intraparticle diffusion
(mass transfer through the pores), or by both. It is

/ Je,exp aNd (e cal are the experimental value and calculated value according the model, respectively.

generally accepted that the adsorption dynamics
consists of three consecutive steps, e.g. film or external
diffusion, pore diffusion, adsorption on the pore sur-
face, or a combination of more than one step. The last
step, adsorption, is usually very rapid in comparison
to the first two steps. Therefore, the overall rate of
adsorption is controlled by either film or intraparticle
diffusion, or a combination of both.

The possibility of intraparticle diffusion was
explored by using the intra-particle diffusion model
[28]:
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Fig. 6. Intraparticle diffusion plots for NR and MB
adsorption of onto MPH.

g =Kt'"* 4 C (6)

K, is the intraparticle diffusion rate constant (g/
mgmin'/?), C is a constant that gives idea about the
thickness of the boundary layer, i.e. larger the value
of C the greater is the boundary layer effect.

If the plot of g vs. t'/? gives a straight line, then
the sorption process is controlled by intraparticle dif-
fusion only. However, if the data exhibit multilinear
plots, then two or more steps influence the sorption
process. It is assumed that the external resistance to
mass transfer surrounding the particles is significant
only in the early stages of adsorption. This is repre-
sented by first sharper portion. The second or third
linear portion is the gradual adsorption stage with
intraparticle diffusion dominating.

Fig. 6 presents the plots of g, vs. t'/? for NR and
MB adsorption. In Fig. 6, the data points were related
by two straight lines for NR and MB, respectively.
The first straight portion depicted macropore diffusion
and the second represented micropore diffusion [29].
But the micropores (pores with a width less than

2nm) are rather not accessible to large molecules of
dyes. However, when MPH was modified with citric
acid, the pore size of micropore on MPH may be
enlarged and the mesopores (2-50nm) would be pro-
duced. The mesopores could be accessible to large
molecules of dyes. This effect may be attributed to the
enlargement of pore size. The values of K, and C are
also listed in Table 1. From Table 1, the constants of C
were not zero the lines did not pass through the ori-
gin. This showed that pore diffusion was not the rate
limiting step. So the adsorption process may be of a
complex nature consisting of both surface adsorption
and intraparticle diffusion [29]. Furthermore, all these
suggest that the adsorption of NR and MB over MPH
may be controlled by external mass transfer followed
by intraparticle diffusion mass transfer.

Obviously, Ky is larger than Ky from Table 1
while C; is smaller than C,. As mentioned above,
initially, the dyes were adsorbed by the external
surface of the adsorbent, so the adsorption rate was
very fast. When the adsorption of the external sur-
face reached saturation, the dye molecule entered
into the pores within the particle and eventually
was adsorbed on the active sites of the adsorbent
internal surface. When the dye molecule transported
in the pore of the particle, the diffusion resistance
increased and consequently reduced the diffusion
rate. With the decrease of the dye concentration in
the solution, the diffusion rate became much smaller
and the diffusion processes reached the final equilib-
rium stage.

In order to corroborate the actual rate controlling
steps in NR and MB adsorption on MPH, the experi-
mental data were further analyzed by the expression
of Boyd et al. [30]:

F=1- (;) exp(—Bt) 7)

where F is the fractional attainment of equilibrium, at
different times, ¢, and Bt is a function of F.

qt
F=n 8
0o (8)

where g; and g, are the dyes uptake (mg/g) at time ¢
and at equilibrium, respectively. Eq. (7) can be rear-
ranged to

Bt = —0.4997 — In <1 - %) 9)
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Values of B were calculated from the slope of Bt
vs. time plots. The calculated values of B were used to
determine the effective diffusion coefficient, D; (cm?/
s) of NR and MB from the equation:

TCZD i
12

B= (10)

where r is the radius of the adsorbent particle assuming
spherical shape (20-40 mesh, 30 mesh was chosen).
According to Singh et al. [31], a D; value in the order of
107'°-10""" em?/s is indicative of intraparticle diffu-
sion as rate-limiting step. In this study, the values of D;
for NR were 8.88x10°°, 8.16x10™° and 7.47 x 10~
cm’/s, and for MB were 7.46 x 10~%, 7.36 x 10~® and
747 x 1078 cm?/s at 283, 293, and 303K, respectively.
The values of D; of NR and MB obtained are in the
order of 107 cm?/s, respectively, which is larger than 3
orders of magnitude. This indicates that the intraparti-
cle diffusion is not the rate-controlling step.

3.6. Effect of equilibrium concentration of NR and MB
adsorption on temperature-dependent adsorption

The effect of initial dye concentration on NR and
MB adsorption by MPH was investigated in the range
of 50-500mg/L. Fig. 7 shows the equilibrium quantity
at different initial dyes concentration.

From Fig. 7, the values of g. increased with
increase in C.. The initial concentration provided the
necessary driving force to overcome the resistances to
the mass transfer of dyes between the aqueous and
solid phases. The increase in C. also enhanced the
interaction between dyes and adsorbents. Therefore,
an increase in C. of dyes enhanced the adsorption
uptake of NR or MB.

The bigger adsorptive capacity of dyes was also
observed in the higher temperature range. This was
due to the increasing tendency of adsorbate ions to
adsorb from the solution to the interface with increas-
ing temperature. The increase in the equilibrium
adsorption with increased temperature indicated that
the adsorption of dye ions onto MPH is endothermic
in nature.

Analysis of adsorption isotherms is important for
developing a model that can be used for adsorption
process design, and the isotherms obtained under dif-
ferent temperatures can provide basic data for ther-
modynamics study to deduce adsorption mechanism.
In the present work, the results obtained from the
equilibrium adsorption experiments were analyzed
according to the most frequently employed models
Freundlich and Langmuir isotherms at the tempera-
tures of 283, 298, and 313K, respectively.
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Fig. 7. Equilibrium adsorption quantities of NR and MB
adsorption at different equilibrium dyes concentration and
predicted isotherm curves (MPH doseage = 3g/L).

The Langmuir adsorption isotherm has been suc-
cessfully applied to many pollutants adsorption pro-
cesses and has been the most widely used sorption
isotherm for the sorption of a solute from a liquid
solution [32]. The commonly form of the Langmuir
isotherm is:

quLCe
e T1rKC 1
where g, is the g. for a complete monolayer (mg/g),
a constant related to adsorption capacity; and Ky is a
constant related to the affinity of the binding sites and
energy of adsorption (L/mg).

Freundlich isotherm is an empirical equation
describing adsorption onto a heterogeneous surface.
The Freundlich isotherm is commonly presented as
[33]:

ge = K" (12)
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Table 2

51

Langmuir and Freundlich isotherm constants for NR and MB adsorption onto MPH at different temperatures using

nonlinear regressive method

Dye Model 283K

NR Langmuir
Ky 0.024 +0.006
Im (mg/g) 112.72 +10.68
R? 0.9528
e 65.72
Freundlich
Kk 12.17 £1.56
1/n 0.400+0.028
R? 0.9829
e 2.540

MB Langmuir
Ky 0.014 +0.003
Im (mg/g) 99.41+7.12
R? 0.9636
e 5.674
Freundlich
Kk 7.13+2.43
1/n 0.439 +0.068
R? 0.8897
. 13.33

298K

0.043 +£0.011
131.86 +12.51
0.9523

313K

0.058 £0.012
151.24+11.49
0.9729

48.64 42.90
17.89+1.08 20.87 +1.50
0.398 £0.015 0.430 +0.020
0.9950 0.9921

0.688 1.668

0.021 +0.004 0.028 + 0.006
111.38+7.59 129.83+9.80
0.9589 0.9507

8.267 11.391
12.59+£3.22 13.86 £4.26
0.410 £ 0.064 0.406 +0.068
0.8869 0.8650

31.86 24.47

where Kg and 1/n are the Freundlich constants related
to the adsorption capacity and adsorption intensity of
the adsorbent, respectively.

All relative parameters of isotherm equation and
determined coefficients (R?), values of x* are listed in
Table 2, respectively. Fig. 7 also shows the experimen-
tal equilibrium data and fitted equilibrium curves by
two isotherms at different temperature, respectively.

From Table 2, the values of g,,,, K, and K increased
with temperature rise for NR and MB adsorption,
respectively. The maximal equilibrium quantity of NR
and MB from Langmuir model on MPH was 112.72
+10.68mg/g  (0.390+0.037mmol/g) and 99.41
+712mg/g (0.266+0.019mmol/g) at 283K, respec-
tively. The values of g,, obtained from the Langmuir
isotherm equation for NR adsorption on MPH was
greater than that of MB at all the temperature, which is
indicated that the functional groups on the surface of
MPH had a relatively stronger affinity for NR than MB
and potential of the adsorption for NR and MB on
MPH was in the following order: NR > MB.

The values of 1/n for both dyes were below 1 at
all the experimental temperatures, which indicate high
adsorption intensity [33]. The Freundlich constant, K,
which are related to the adsorption capacity, also
shows that the adsorption capacity increased with
increase in temperature, indicating that the adsorption
processes are endothermic in nature.

From values of R? and x2, it can be seen that the
Langmuir isotherm exhibited a better fit to the MB
adsorption data by MPH while the Freundlich iso-
therm seem to agree better with the NR adsorption.
The comparison of experimental points and fitted
curves in Fig. 7 reinforced this result. It can be seen
that the Langmuir isotherm correlated better than Fre-
undlich isotherm with the experimental data from
adsorption equilibrium of MB by MPH, suggesting a
monolayer adsorption. In comparison, the Freundlich
correlation coefficients of NR adsorption were larger
than those of Langmuir, which indicated the adsorp-
tion of NR is a heterogeneous adsorption.

Table 3 compares the sorption capacities of the
MPH for NR and MB with that of several adsorbents
reported in the literatures. It can be seen that the
MPH exhibits higher uptake properties of both NR
and MB than that of many other sorbents. The results
reveal that MPH has a good potential for NR and MB
ion removal from waste water.

3.7. Estimation of thermodynamic parameters

3.7.1. Calculation of the change free energy change
(4G)

Thermodynamics parameters are important in
adsorption studies for better understanding of the tem-
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Table 3

Comparison of the adsorption capacity for NR and MB by various adsorbents reported in literature
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Adsorbent

NR

MPH

Peanut husk

Cottonseed hull

Kohlrabi peel

Peanut hull

Rice husk

Modified hectorite
Activated carbon from cattail
MB

MPH

Rice husk

Cereal chaff

Peanut hull

Coconut husk

Wheat bran

Olive pomace

Phoenix tree leaves
Hazelnut shell

Straw activated carbon
Montmorillonite clay
Activated sludge biomass
Pomelo (Citrus grandis) peel

Adsorption capacity/(mg/g) References
112.72 This study
35.7 (7]

166.7 [34]

112.36 [34]

87.72 [19]

32.37 [36]

393.7 [37]

192.30 [38]

99.21 This study
40.6 [29]

20.3 (91

68.03 [19]

99 [39]

16.63 [40]

423 [41]

80.9 [41]

38.22 [42]

472.10 [43]

289.12 [44]

256.41 [45]

344.83 [46]

perature on adsorption. The Gibbs free energy change,
AG, can be determined by the following equation:

—8.67Kk]/ mol at 283, 298 and 313K, respectively. The
value of AH and AS for NR was 21.57 and 0.103k]J/
molK, and for MB was 16.96 and 0.082kJ/molK,

AG = —RTInK (13)  respectively.
The positive value of AH (endothermic) is indica-
tive of an increase in adsorption on successive
AG = AH —TAS (14)  increase in temperature. The negative AG values indi-

The apparent equilibrium constant (K!) of the
adsorption is defined as:

Cad,e
Ce
where C,q. is the concentration of dyes on the adsor-
bent at equilibrium (mg/L). The value of K. in the
lowest experimental NR and MB concentration can be
obtained [25]. The K| value is used in the Eq. (13) to
determine the change of Gibbs free energy (AG) of
adsorption. Enthalpy change, AH, and entropy change,
AS, were determined from the slope and intercept of

the plot according to Eq. (14).
The values of AG for NR were —7.48, —9.32, and
—10.57kJ/ mol, and for MB were —6.21, —7.54 and

Ke = (15)

cated thermodynamically feasible and spontaneous
nature of the adsorption. The negative value of AG
decreased with an increase in temperature, indicating
that a better adsorption is actually obtained at higher
temperatures. The positive value of AS reveals the
increased randomness at the solid—solution interface
during the fixation of NR and MB dyes on the active
sites of MPH.

3.7.2. Estimation of activation energy

The magnitude of activation energy may give an
idea about the type of sorption. There are two main
types of adsorption: physical and chemical. Activated
chemical adsorption means that the rate varies with
temperature according to a finite activation energy
(8.4-83.7kJ/mol) in the Arrhenius equation. In nonac-
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Fig. 8. The binary adsorption isotherm. (a) The adsorption
capacity of NR is plotted as a function of the equilibrium
concentrations of NR and (b) The adsorption capacity of
MB is plotted as a function of the equilibrium
concentrations of MB.

tivated chemical adsorption, the activation energy is
near zero [25].

The activation energy for NR and MB adsorption
was calculated by the Arrhenius equation:
k = koe 7 (16)
where k is the temperature independent factor in g/
mgmin, E, is the apparent activation energy of the
reaction of adsorption in kJ/mol, R is the gas

constant, 8.314]J/molK, and T is the adsorption abso-
lute temperature, K. The linear form is:

Ink = Ink, 7&

RT (17)

When Ink is plotted vs. 1/T, a straight line with slope
-E,/R is obtained. The values of rate constant

obtained nonlinear analysis according to the pseudo-
second order can be used to calculate the activation
energy of sorption process. The energy of activation
(E.) was determined from the slope of the Arrhenius
plot of Ink, vs. 1/T (figure not shown) according to
Eq. (17) and was found to be 15.25 and 10.24 kJ/mol
for NR and MB, respectively. The values were of the
same magnitude as the activation energy of activated
chemical sorption. The positive values of E, suggested
that rise in temperature favor the adsorption and this
may be an endothermic in nature.

3.8. Competitive adsorption of NR and MB in equilibrium

The experiments of competitive adsorption of NR
and MB include two parts: (i) the effect on NR
adsorption with the presence of MB in the solution,
and the effect on MB adsorption with the presence of
NR in the solution and (ii) the competitive adsorption
of NR and MB in the total concentration did not
change.

3.8.1. The effect on adsorption of NR or MB with the
presence of MB or NR in the solution

In a series of two binary systems, the initial con-
centration of NR is fixed to 300mg/L (1.039 mmol/L),
whereas the concentration of MB is varied from 0 to
500mg/L (0-1.337 mmol/L). In another binary system,
the initial concentration of MB is constant at 300 mg/L
(0.802mmol/L) and the concentration of NR is varied
from 0 to 500mg/L (0-1.731 mmol/L). The two (equi-
librium) adsorbate concentrations are plotted against
the NR or MB uptakes in Fig. 8(a) and (b), respec-
tively.

As shown in Fig. 8, when both NR and MB are
present in solution, some reduction of the NR or
MB adsorption can be observed with increasing MB
or NR concentration. From Fig. 8(a), the interfer-
ence of MB with the NR adsorption is slightly pro-
nounced. The adsorption capacities g. of NR
decreases from 72.92 to 51.77mg/g (reduction of
29.0%) in the presence of MB with the initial con-
centration from 0 to 500mg/L while the values of
ge of MB decreases from 62.62 to 36.28mg/g
(reduction of 42.1%) in the presence of NR with
the concentration from 0 to 500mg/L. From the
extent of quantity reduction, the effect of NR in
solution on MB adsorption is stronger. So NR has
a better affinity for MPH than MB. This result
could be explained by the structure formulas of
two dyes. The amino group of NR was bond with
benzene ring, but the sulfur of MB was within the
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Fig. 9. Effect of the fixed total initial concentration of NR
and MB on the adsorption capacity of each adsorbate. ()
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benzene ring. The contact area between MPH and
NR would be smaller than that of MPH and MB.
In other word, the steric hinderance effect of MB is
bigger than that of NR. As a result, MPH would
be decrease the biding energy to MB compared to
NR when two dyes coexist in solution. So the
adsorption capability of NR by MPH was stronger
than that of MB. Another reason is that there may
be existed hydrogen bond between NH;* (from
NR) and COO™ (from adsorbent).

3.8.2. The competitive adsorption of NR and MB at a
fixed total concentration

The objective of this part work is to study the
effect of NR and MB ions coexistence on the total
adsorptive capacity of MPH. The experiment is car-
ried out keeping the total concentration of NR and
MB fixed at 500 mg/L and changing each dye concen-
tration. The result is shown in Fig. 9.

As shown in Fig. 9, values of the adsorption capaci-
ties g. obtained from the experiment results for the bin-
ary component system at described conditions are less
than those for the single component solutions. This
indicates that NR in solution can inhibit MB adsorption
yield while MB inhibits NR adsorption yield. The data
also show that the equilibrium concentration of one
adsorbate will be significantly different when the con-
centration of another adsorbate in solution changes.
However, the total adsorption capacity for these two
dye ions in the binary system exceeded the capacity of
MB but was less than that of NR in the single systems.
One type of dye presented in solution interferes with
the uptake of another in the same system, and the total
adsorbate uptake is lower. In the binary system, there is
competitive adsorption between NR ions and MB ions.

3.9. Regeneration

Regeneration of spent adsorbent and recovery of
adsorbate would make the treatment process economi-
cal. It may decrease the process cost and also the
dependency of the process on a continuous adsorbent
supply. For this purpose, it is desirable to desorb the
adsorbed dyes and to regenerate the adsorbent for
another cycle of application. The solution of 0.1 mol/L
HCl was tried as renewable adsorbents. The reason
may be that there is positively charge on surface of
adsorbent. Carbonyl group and hydroxyl group on
surface of adsorbent is existed as -COOH and -OH,
so the interaction became weak between carbonyl
group or hydroxyl group on adsorbent surface and
the positive group on the dye molecule. At the first
cycle, the solution of 0.1 mol/L HCl performed well
with NR and MB removal efficiency around 81.2 and
78.0%, respectively. The second and third cycle
showed a decreased efficiency for the eluant. The
result showed that 76.5 and 65.6% of adsorbed NR
could be recovered back in solution and about 66.8
and 61.7% of the MB adsorbed was desorbed in the
second and third adsorption—desorption cycle, respec-
tively. The complex reactions between dye cation ions
and MPH may be responsible for the incomplete
desorption. The wastage percent of MPH was less
than 10% after three adsorption—desorption cycles.
Considering the excellent preferential adsorption
capacity, small dosage, and low cost, the MPH is still
a better choice to remove NR and MB in wastewaters.

4. Conclusion

This study showed that MPH was an excellent sor-
bent for removal of NR and MB from aqueous solution.
The adsorption capacities of NR and MB in single
systems are 112.72+10.68 and 99.41+7.12mg/g,
respectively. In binary systems, NR and MB show com-
petitive adsorption and NR exhibit higher affinity and
selectivity to MPH. The Langmuir isotherm exhibited a
better fit to the MB adsorption data by MPH while the
Freundlich isotherm seem to agree better with the NR
adsorption. Kinetics data tend to fit well in pseudo-
first-order and pseudo-second-order kinetic models.
The process mechanism was found to be complex, con-
sisting of both surface adsorption and pore diffusion.
The process was spontaneous and endothermic.
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Appendix

The structure of Methylene blue (MB, C.1.52015,
FW=3739) and Neutral Red (NR, C.I1.50040,
FW =288.8) are as following;:

MB





