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ABSTRACT

Calcium alginate beads (A), graphene oxide (GO) and GO/alginate beads composites (GA1, GA2
and GA3) as solid adsorbents were prepared and characterized by thermogravimetric curves (TGA),
nitrogen adsorption/desorption curves, point of zero charge (pH,,.), X-ray difffractometer (XRD),
transmission electron microscope (TEM) and Fourier-transform infrared spectroscopy (FTIR).
Adsorption of 2, 4-dichlorophenoxyacetic acid as one of the most toxic applied herbicide in the fields
worldwide was studied considering the effect of different adsorption parameters. Results revealed
that the optimum adsorbent dosage and initial pH value were found 2.0 g/L and pH 6, respectively.
Freundlich and Langmuir adsorption models were applied and the maximum adsorption capacity
was confirmed by GA3 (150.4 mg/g). Kinetic and thermodynamic studies proved that the adsorption
follows the pseudo-second order kinetic models (PSO) and the exothermic spontaneous physisorp-

tion process.
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1. Introduction

Graphene oxide (GO) and graphene as a carbon con-
tent nanomaterial have attracted many researchers inter-
est in the field of catalysis, energy saving, electronic [1],
mechanics and environmental applications [2,3]. Graphene
oxide exhibits the graphene skeleton with oxygen function
groups, such as hydroxyl and 1, 2-epoxides function groups
located at the basal planes and carboxyl, hydroxyl and car-
bonyl groups at the edge of GO sheets [4,5].

GO has been used in removal of many organic and
inorganic pollutants [6-8] with higher adsorption capacity
due to its surface function groups. After water treatment
by GO it is difficult to remove the spent adsorbent because
it disperses well in water [9]. There are many attempts that
were done to facilitate GO removal from aqueous medium
after adsorption process such as, mixing with magnetic
nanoparticles, functionalization and composite forma-
tion with other materials [10,11]. Alginate is a natural
biopolymer mainly extracted from brown seaweed with
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a linear polysaccharide composing of 1, 4-linked residues
of a-L-guluronic acid and B-D-mannuronic acid. Alginate
has been considered as promising biomaterial due to its
nontoxicity, the presence of many function groups, biode-
gradability and water solubility. Many applications were
developed for alginate including drug delivery [12], tis-
sue engineering [13], wound dressing [14] and solid stable
adsorbents [15]. 3D macro-composites based on GO and
biopolymers are superb formulations in water treatment
due to their unique physical, mechanical, chemical and
textural properties. 2, 4-dichlorophenoxyacetic acid is one
of the most extensively applied herbicide in controlling
the broad-leaved weeds in fields worldwide [16]. 2, 4-D is
moderately toxic with allowable concentration of 0.1 mg/L
in potable water [17]. Different methods have been stud-
ied for pesticides removal such as photo-Fenton treatment
[18], aerobic degradation, photocatalytic degradation [19]
electrodialysis [20], advanced oxidation processes [21] and
adsorption [22]. Adsorption process has been widely used
in removal of pollutants from polluted waters due to its
simplicity and low cost technique [23].
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In this work, the preparation and characterization of
GO/ alginate composites with different GO: alginate ratios
is investigated. The effect of different parameters, such as
adsorbent dosage, solution pH, initial concentration, shak-
ing time and temperature on the removal of 2, 4-D will be
evaluated. On the other hand, kinetic and thermodynamic
parameters will be examined to understand the nature of
adsorption process. To the best of my knowledge, adsorp-
tion of 2, 4-D by GO/alginate beads composites was not
studied up to now.

2. Materials and methods
2.1. Materials

Graphite powder with particle size about 30 nm, 2, 4-D
and sodium alginate were purchased from Sigma-Aldrich
Co., Ltd., CaCl, was purchased from Alfa-Aesar Co. Ltd.
Other chemicals used in the experiments were purchased
from El-Nasr for pharmaceutical and chemical industrial
Co., Egypt and used without further treatment.

2.2. Preparation of solid adsorbents

Graphene oxide was prepared using Hummers method
[24] with some modification. 0.5 g NaNO, and 0.5 g of graph-
ite powders were mixed in an ice bath, 50 mL of concen-
trated sulfuric acid (98%) was added to the previous mixture
and kept under stirring, 0.5 g of potassium permanganate
was added gradually to the mixture with keeping its tem-
perature below 20°C. The mixture’s temperature was raised
gradually to 35°C with continuous stirring for 3 h followed
by slow addition of 60 mL double distilled water. An amount
of 5.0 mL of 30% hydrogen peroxide was added to the mix-
ture till the formation of brilliant yellow residue. The residue
was washed by 10% HCI solution and deionized water to
remove the residual acid. The resulted graphene oxide sam-
ple (GO) was carefully dried at 75°C under vacuum for 12 h.

Calcium alginate beads were prepared by using sodium
alginate treated with calcium chloride as described in
detail in previous works [15,25]. Sodium alginate solution
(1%, w/v) was added drop-by-drop to CaCl, solution (3%,
w/v). Calcium alginate beads (A) washed several time
with deionized water to remove excess CaCl,. The previous
beads were dried at 75°C for 12 h.

GO/ alginate composites were prepared with different
graphene oxide/alginate percentage (5, 10 and 20% from
graphene oxide, namely; GA1, GA2 and GA3, respectively).
It was prepared by ionic gelation method where certain
weight of fine powder graphene oxide was dispersed in 50
mL of deionized water and stirred with 100 mL of sodium
alginate for 2 h. The previous mixture was added stepwisely
from 100 mL burette into 3%, w/v aqueous solution of cal-
cium chloride and the formed solid adsorbents was washed
and dried as described in the preparation of alginate beads.

2.3. Characterization of the prepared solid adsorbents

Thermal gravimetric analysis as essential character-
ization technique was studied to identify the thermal
behavior of GO, A, GAl, GA2 and GA3 using Shimadzu

DTA-50 (Japan). Specific surface area (S;.,, m*/g), average
pore radius (nm) and total pore volume (V, cm?/g) were
determined for all the solid adsorbents using nitrogen
adsorption at -196°C via NOVA2000 gas sorption analyzer
(Quantachrome Corporation, USA). XRD patterns (Cu Ko,
A = 15418 A) were obtained for all the prepared solid mate-
rial samples using a D8 advance diffractometer (Bruker
AXS, Germany). The microstructures of GO, A and GA2
were investigated using transmission electron microscope
(JEOL JEM-2100F TEM). pH,,(point of zero charge) for
GO, A, GAl, GA2 and GA3 was determined by: initially,
30 mL of 0.01 M sodium chloride solutions were added into
several closed bottles. The pH for each bottle was adjusted
to a value between 2 and 12 by 0.01 M HCl and/or 0.01 M
NaOH, and then a portion of the sample (0.25 g) was added
to each solution, the bottles were agitated for 72 h and the
final pH was then measured. The pH,,.is the point where
pH, ., — pH, . = zero. Chemical surface function groups
were measured using Mattson 5000 FTIR spectrometer in
the range between 4000 and 400 cm™ for all the prepared
samples.

2.4. Adsorption experiments
2.4.1. Effect of adsorbent dosage

The effect of adsorbent dosage for all the solid adsor-
bents was investigated in the range of 1.0-4.0 g/L at pH
7,600 mg/L as initial adsorbate solution concentration, 6 h
as shaking time and at 25°C. The removal% was calculated
using Eq. (1):

Ci _Ce

R% = %100 1)

where C and C, are the equilibrium and initial concentra-
tion of aqueous 2,4-D solutions, respectively.

2.4.2. Effect of initial pH of adsorbate solution

The effect of pH on the initial adsorbate solution was
carried out for all the investigated samples at a pH range
of 1-9 using 0.01 M HCl and/or 0.01 M NaOH to adjust the
required value of pH at 2.0 g/L as adsorbent dosage, after
6 h of shaking time, 600 mg/L as initial concentration of 2,
4-D solution and at 25°C.

2.4.3. Effect of initial adsorbate concentration

The effect of initial 2, 4-D concentration was tested for
GO, A, GA1, GA2 and GA3 at room temperature in the con-
centration range 20-500 mg/L, using 2.0 g/L as adsorbent
dosage, at pH 7 and 6 h as contact time. The residual 2, 4-D
concentration was measured at a wavelength of 283 nm
using UV-visible spectrophotometer (UV-1700 Shimadzu,
Japan). The adsorption capacity (g, mg/g) was calculated
using Eq. (2):

C,-C,
m

xV )

q.=

where V is the volume of 2, 4-D solution (L) and m is the
mass of solid adsorbent (g). Linear Langmuir adsorption
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model was used to determine the maximum adsorption
capacity (q,, mg/g). Eq. (3) represents Langmuir adsorption
equation.

cC_1.C ®)
9. b, 4,

where b (L/mg) is Langmuir constant. Dimensionless sep-
aration factor (R)) is an important parameter to investigate
adsorption isotherm using the following equation [26]:

R, = L 4
1+bC,
The type of adsorption isotherm is favourable if 0 < R, <
1, unfavourable when R, > 1 or irreversible in case of R, = 0.
Freundlich adsorption isotherm model was also per-
formed for adsorption of 2, 4-D by all the solid adsorbents.
It can be expressed as:

Ing, =InK, + (ljlnCe (5)
n

where 1 and K, (mg/g (L/mg) ") are the Freundlich con-
stants which are characteristic for the system and represents
on the adsorption intensity and the adsorption capacity,
respectively. It is known that when the value of 1/n is lower
than unite, it indicates a normal Langmuir isotherm; other-
wise, it is an indicative of cooperative adsorption [27].

2.4.4. Effect of shaking time

The effect of contact shaking time was carried out for
GA2 and GA3 at 2.0 g/L as adsorbent dosage, pH 7, 800
mg/L as initial adsorbate concentration at 25°C. After dif-
ferent time intervals from 1.0 to 20 h, 1.0 mL of supernatant
solution was removed to determine the residual 2, 4-D con-
centration as previously discussed. Time adsorption capac-
ity (g,, mg/g) was determined by Eq. (6):

i1 14 _mc‘)v (©)

where C, (mg/L) is the liquid-phase concentration of 2,
4-D at time t. Pseudo-first (PFO) and pseudo-second (PSO)

order kinetic models [Egs. (7), (8)] were applied to study the
kinetic behavior for adsorption of 2, 4-D on GA2 and GA3.

In(q, —q,)=1In(q,) -kt (7)
11

—= +—t 8
a ka’ q

where g, and g, are the amounts of 2, 4-D adsorbed (mg/g)
at equilibrium and at time ¢ (h), respectively. k, (h™") and &,
(g/mg. h™') are the rate constants of PFO and PSO models.

2.4.5. Effect of temperature

The effect of adsorption temperature was examined at
three different temperatures 25, 30 and 40°C for adsorption
of 2, 4-D by GA3. Thermodynamic parameters (AH°, AG°
and AS°) were calculated using the following equations:

C
K, === 9
=C )
AG® = AH’ — TAS’ (10)
mk, =25 _4H (11)
R RT

where K|, is the adsorption distribution coefficient, C_is the sur-
face adsorbed (mg/L) and C, is the equilibrium concentration
(mg/L) of 2, 4-D in the solution. T is the absolute temperature
and R is the gas constant. AS® and AH® were calculated from
the intercept and slope of Van't Hoff plot [ Eq. (11)].

3. Results and discussion
3.1. Characterization of the prepared solid adsorbents

Fig. 1a shows thermograms for all the solid samples up
to 800°C. Calcium alginate beads exhibited a weight loss
about 4% at 110°C due to the loss of surface adsorbed water
molecules. The second noticeable weight loss of 24.5% was at
around 270°C may be ascribed to the destruction of the algi-
nate backbone and loss of -OH groups in the form of H,O.
Above 340°C the excessive weight loss may be attributed to
alginate decarboxylation and the release of carbon dioxide
gas [5,28]. Graphene oxide is thermally unstable compared
with graphite due to the structure defects in GO that caused
by concentrated acid oxidation [6]. For GO the weight loss at
110°C around 14.2% is higher compared with calcium algi-
nate beads and is related to the presence of active surface
functional groups. The observed weight loss over 235°C is
attributed to labile oxygen-containing functional groups
[5,29]. GO/alginate composites exhibited a lower thermal
stability compared with that of alginate beads due to the
crosslinking of GO within the matrix of alginate which was
also reported in previous works [30,31]. In case of GO/algi-
nate composites the higher thermal instability at lower tem-
perature (110-230°C) is believed to be related to the higher
thermal conductivity and destruction of oxygen containing
groups and it is also confirmed by increasing in weight loss
with the increase in GO percentage [32].

Nitrogen adsorption isotherms and linear BET plots
for GO, A, GA1, GA2 and GAS3 are shown in Figs. 1b and
¢, respectively. The specific surface area (S;,,, m*/g), total
pore volume (V, cm®/g) and pore radius (nm) are listed in
Table 1.Nitrogen adsorption isotherms for GO, GA1, GA2
and GA3 appear as a mixture between type I and type II
according to IUPAC classification disclosing microporous—
macroporous nature, while A is a pure type 1. Surface area
of GO is three times that of alginate beads which may be
related to the very thin nature of GO sheets. Incorporation
of GO into alginate matrix was accompanied with surface
area increase and total pore volume in the order GA3 > GA2
> GAl indicating that as the percentage of GO increased
the porosity nature increased which may be related to the
promotion of crosslinking action between alginate beads
via hydrogen bonding and the formation of 3D network
leading to the creation of new pores [33,34].

The XRD patterns of GO, A, GA1, GA2 and GA3 are
presented in Fig. 1d. GO pattern reveals its characteristic
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Fig. 1. TGA curves (a), nitrogen adsorption/desorption isotherms (b), BET-plot (c) and XRD of A, GO, GA1, GA2, and GA3.

Table 1
Nitrogen adsorption parameters and pH,,. for all the prepared
solid adsorbents
Parameters A GO GAl GA2 GA3
R? 099520 0.99941 0.99891 0.99910 0.99941
S, (m?/g) 452 135.1 63.5 77.7 89.9
7 (nm) 1.34 3.10 2.79 2.54 2.53
V,(em?/g)  0.0301 02093 0.0878 0.0977 0.1123
pH,,. 6.1 3.5 5.8 5.5 49

peak at 26 =10.21° with interplanar spacing of 0.872 nm [35].
Alginate beads shows a characteristic peaks at 26 = 13.32°
with 0.663 nm as average intermolecular distance and
indicating the amorphous nature of the sample [36]. XRD
results for composites (GA1l, GA2 and GA3) showed two
diffraction peaks at 26 = 5.10 and 13.20° associated with GO

and alginate beads. The diffraction angle of graphene oxide
is shifted from 10.21 to 5.10° with an increase in d spacing
from 0.872 to 1.620 nm in case of composites indicating the
formation of intercalated structures [37].

Figs. 2a, b, ¢ show TEM for GO, A and GA2, respec-
tively. GO present as very thin smooth and homogenous
sheets while alginate beads shows a spherical shape. GA2
appeared as a lamellar structure with bulky surface groups
compared with GO sheets and that confirms the homoge-
neous distribution between alginate and GO [38].

pH,,. is essential characterization parameter to dis-
cuss the adsorption behaviors of solid adsorbents. pH,, .
of GO, A, GA1, GA2 and GA3 are 3.5, 6.1, 5.8, 5.5 and 4.9,
respectively (Table 1). The acidity of GO surface indicates
the presence of different acidic C-O functional groups
[39]. The surface acidity for alginate beads was found to be
around the neutral point as reported in my previous work
[15]. In case of GO/alginate composites, it was found that
as the percentage of GO increases, the surface acidity also
increased. The prepared composites (GA1, GA2 and GA3)
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Fig. 2. TEM for GO (a), A (b), GA2 (c) and FTIR for A, GO, GA1, GA2, GA3 (d).

showed a decrease in pH,,. approximately with the same
percentage of mixed GO (5, 10 and 20%).

FTIR is still one of the most important techniques to
understand the nature of the chemical surface groups of
solid adsorbents. Fig. 2d shows the FTIR spectra for all the
investigated solid samples. GO spectrum agreed with the
spectrum reported in previous works [40-42].

Broad band located around 3445 cm™ is related to asso-
ciated and free O-H groups stretching vibrations from
C-OH, COOH and H,0. The band located at 1747 cm™
might be related to C=O (carbonyl) stretching vibrations
of carboxylic groups created at the edges of the oxidized
graphene oxide. The bands located at 1374, 1459, 1628,
2860 and 2931 cm™ corresponding to the O-H deformation
vibration of carboxylic groups [43], semi-circle stretch of
aromatic rings [44], stretching vibrations of C=C, C- H sym-
metric stretching vibration and C-H asymmetric stretching
vibration of methylene groups, respectively [45]. Calcium
alginate beads show their characteristic peaks at 1029, 1447,
1630, 2939, 3419 cm™ which are attributed to C—O-C stretch-
ing vibration, -CH, bending, -COO" asymmetric stretching,
—-CH, stretching and —OH stretching, respectively [46-49].

GO/alginate composite patterns show band broadening
around 3445 cm™ indicating that GO interact with alginate
beads through intermolecular hydrogen bonds and con-
firms the good miscibility between GO and alginate [33,50].

3.2. Adsorption of 2, 4-D
3.2.1. Effect of adsorbent dosage

Fig. 3 are presents the relation between adsorbent dosage
and the removal percentage of 2, 4-D onto all the investigated
adsorbent samples. Based on the general trend, at the begin-
ning as the adsorbent dosage increases from 1.0 to 2.0 g/L
there are observable increase in removal% for all the investi-
gated samples (67, 95, 50, 55, and 68% for A, GO, GA1, GA2
and GAS3, respectively). The reported results can be related to
the increase in the number of surface adsorption active sites
[51]. At higher solid adsorbent dosage (>2.0 g/L) the increase
in removal% is not observed due to the establishment of
adsorption equilibrium at an extremely lower 2, 4-D concen-
tration [52]. 2.0 g/L was selected as the optimal adsorbent
dosage value for all the investigated solid adsorbents.
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3.2.2. Effect of pH

The initial pH value of the adsorbate solution is import-
ant factor in adsorption process. Fig. 3b predicts the removal
% of 2,4-D in the pH range 1-9. A and GA1 exhibited a con-
stant removal % at pH < 6 and slightly decreased after that
value. GO exhibited the same trend but with observable
decrease in removal % at pH > 6 which may be related to
the increased repulsion between the negative charge on the
adsorbate molecule and the negatively charged functional
groups on the solid adsorbents surface (pH > pK , 2.73 for
2,4-D). In case of GA2 and GA3a sharp decrease in removal
% at pH > 6 were observed due to its lower pH,,. (5.5 and
4.9, respectively). In a general at pH > pK values, the mole-
cules exist in the anionic forms and as the pH increases, the
degree of dissociation of 2, 4-D increases and they become
more negatively. At pH < pH_ , the solid surface acquires a
positive charge, while at pH'> pH_ , the surface has a net
negative charge [17,53].

3.2.3. Effect of initial concentration of 2, 4-D

Adsorption isotherm curve represents the distribution
of adsorbate molecules between solid surface and aqueous

Removal %

1:0 ) 1:5 ) 2:0 ) 2:5 ) 3:0 )
Adsorbent dosage (g/L)

35 4.0

Removal %
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medium. Fig. 4a shows the effect of initial 2, 4-D concen-
tration on adsorption process. The adsorption isotherms
follow Type I and Type II according to BDDT (Brunauer,
Deming, Deming and Teller) classification [54]. At lower
concentration there are rapid increases in the adsorbed
amount of 2, 4-D due to the higher ratio of surface active
site/adsorbate molecules while; plateau horizontal line
was observed at higher equilibrium concentration based
on the saturation of solid adsorbent surface with adsor-
bate molecules.

Langmuir [Eq. (3)] and Freundlich [Eq. (5)] isotherm
models were used to test the adsorption data. Figs. 4b,
¢ show Langmuir and Freundlich adsorption equations
while, Table 2 collects the parameters of the two models.
Upon analysis of Table 2 (i), both of Langmuir and Freun-
dlich models are applicable because of the higher regres-
sion coefficients (R?, ranged between 0.98426-0.99954
and 0.89380-0.99646 in case of Langmuir and Freun-
dlich, respectively). (ii) Maximum adsorption capacities
(9,, mg/g) calculated from Langmuir adsorption mod-
els indicate that GA3 shows the maximum adsorption
value of 65 and 42% more than A and GO, respectively
indicating that the combination between GO and algi-
nate matrix positively affect sits adsorption capacity and

o

4
pH

Fig. 3. Effect of initial adsorbent dosage at pH 7 (a) and the effect of pH at adsorbent dosage 2.0 g/L (b) for the adsorption of 2,4-D
onto A, GO, GA1, GA2 and GAS3. Adsorption conditions: initial concentration = 600 mg/L, temp. = 25°C, shaking time = 6 h.
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Fig. 4. Adsorption isotherms (a), linear Langmuir plot (b) and Freundlich plot (c) for the adsorption of 2, 4-D onto A, GO, GA1, GA2
and GA3. Adsorption conditions: pH 7, shaking time = 6 h, temp. = 25°C and adsorbent dosage = 2.0 g/L.
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the increase in GO % in the composite is accompanied
by the adsorption efficiency enhancement which may be
explained by the introduction of excessive C-O function
groups as adsorption active sites. (iii) R, values for 2,
4-D adsorption onto all the solid samples were less than
1.0 and more than zero, indicating favorable adsorption
process. (iv) 1/n values ranged between 0.103 and 0.819
for the investigated solid adsorbents indicating that

Table 2
Langmuir and Freundlich adsorption parameters for adsorption
of 2, 4-D onto all theinvestigated solid adsorbents

Langmuir parameters

Parameters A GO GA1 GA2 GA3

R? 0.99757 099954 0.99438 0.98426 0.99493

q, (mg/g) 91.2 106.0 94.4 143.1 150.4

b (L/mg) 0.02699 0.03545 0.02062 0.04618 0.05345

R, 0.2703  0.2200 0.3266 0.1779  0.1576

Freundlich parameters

Parameters

R? 0.89380 099646 091234 095508 0.98260

1/n 0.735 0.447 0.672 0.819 0.103

K. 6.319 16471  4.578 2.077 4949
Table 3
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adsorption of 2, 4-D is in favorable conditions [55]. 2, 4-D
removal via adsorption has been studied using different
solid adsorbents such as commercial powdered activated
carbon (PAC), modified granular activated carbon F400
(coal based), sodium hydroxide activated carbon based
date palm pits (AN13), Mn oxide-humic complex, mod-
ified Jute, Orange Peel (OP) and MIEX resin [56-62]. In
this study graphene oxide/alginate composite (GA3) was
compared with other adsorbents (Table 3) which indi-
cates the higher efficiency of graphene oxide/alginate
composite as solid adsorbents for 2, 4-dichlorophenoxy-
acetic acid.

3.2.4. Adsorption kinetics

The effect of contact time and adsorption kinetic
models was studied on the adsorption of 2, 4-D by GA2
and GA3 to understand the mechanism of adsorption.
Figs. 5a, b and ¢ show the effect of shaking time, PFO and
PSO kinetic models for the adsorption process, respec-
tively. Adsorption kinetic parameter reported in Table
4 reveals that: the adsorption of 2, 4-D follow pseudo-
second order kinetic models due to its higher regression
coefficients (R? around 0.9780) also the calculated g,
(mg/g) values from PSO models are closure to the exper-
imental values (q, ) while, a large differences between
the calculated g, (mg/g) values from PFO model and g,
were detected.

Comparison of Langmuir adsorption capacities of 2,4-D onto graphene oxide/alginate composite (GA3) with other adsorbents

reported in previous researches

Adsorbents Adsorption q, References
equilibrium time (h) (mg/ g)

Commercial powdered activated carbon (PAC) 4.0 90.4 [56]
Modified granular activated carbon F400 (Coal based) 2.8 16.3 [57]
Sodium hydroxide activated carbon based date palm pits (AN13) 5.5 80.0 [58]

Mn oxide-humic complex 15.0 5.6 [59]
Modified Jute 2.5 38.5 [60]

Orange Peel (OP) 2.6 34.5 [61]

MIEX resin 11 469 [62]
Graphene oxide/alginate composite (GA3) 9.0 1504 [This study]
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Fig. 5. Effect of contact time (a), pseudo-first order (b), and pseudo-second order plots (c) for removal of 2, 4-D by GA2 and GA3.
Adsorption conditions: initial concentration = 800 mg/L, pH 7, temp. = 25°C and adsorbent dosage = 2.0 g/L.
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Table 4
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Pseudo-first order and pseudo-second order kinetic model parameters for adsorption of 2, 4-D onto GA2 and GA3 at 25°C

Adsorbents 7., (ME/8) Pseudo-first order Pseudo-second order
R? q,(mg/g) K, (h™) R? q,(mg/g) K,(g/mg-h™)
GA2 145.0 0.94561 192 0.391 0.97864 141 0.00167
GA3 155.1 0.96471 211 0.372 0.97891 159 0.00131
1204
1.0
100+
0.9
80
) =Z b
=
E 60- 0.8+
C
404
0.7
20
0 +———————————————— 0.6 4+————
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40
C, (mg/L)

Tl

Fig. 6. Effect of adsorption temperature (a) and Van't Hoff plot for the adsorption of 2, 4-D onto GA3 at 25, 30 and 40°C. Adsorption
conditions: pH 7, shaking time = 6 h and adsorbent dosage =2.0 g/L.

3.2.5. Effect of adsorption temperature and thermodynamic
parameters

The adsorption of 2, 4-D onto GA3 was examined at 25, 30
and 40°C to determine the effect of temperature and different
thermodynamic adsorption parameters. Fig. 6a indicates that
the adsorption capacity decreases with the increase in tem-
perature. The calculated maximum adsorption capacities (g, ,
mg/g) using Langmuir adsorption model were 150.4, 112.5
and 94.3 mg/g at 25, 30 and 40°C respectively, indicating
the exothermic nature of adsorption. The calculated adsorp-
tion distribution coefficient (K,) also confirms the decrease
in affinity of 2, 4-D to GA3 surface as temperature increase
where, k, were found to be 2.729, 2.375, 1.897 at 25, 30, 40°C,
respectively. Table 5 collects the thermodynamic parameters
calculated using Van't Hoff equation. The higher regression
coefficients (R?, 0.99656) revealed the good applicability of
Van't Hoff equation. The negative value of AH® confirms
the exothermic nature of 2, 4-D adsorption onto GA3 sam-
ple. The positive value of entropy change demonstrates the
increased randomness at the solid /liquid interface [23]. The
negative values of AG® indicate spontaneous adsorption
process. Physisorption process occurs when the magnitude
of AG® in the range —20 and 0 k] mol™, while chemisorption
occurs between —80 and —400 kJ-mol™[5]. The calculated free
energy changes for 2, 4-D adsorption onto GA3 confirms the
physisorption nature.

4. Conclusion

Graphene oxide/alginate beads were prepared with
different GO: alginate ratios (GA1l, GA2 and GAS3). The

Table 5
Thermodynamic parameters for the adsorption of 2, 4-D onto
GA3 at different temperatures

AH® (kJ/mol)  AS° (kJ/mol-K?)  AG® (k]/mol)
25°C 30°C

-2.500 -2.237

40°C
-1.693

-18.72 0.0544

characterization techniques proved that GO and alginate
matrix were homogeneously distributed. The surface area
and physical properties were improved by the introduction
of GO into the matrix of alginate. GO/alginate composites
showed advanced adsorption behavior towards 2, 4-dichlo-
rophenoxyacetic acid as one of the most toxic applied herbi-
cide in the fields worldwide. The adsorption process was fit
well both of Langmuir and Freundlich adsorption models
with 150.4 mg/g as adsorption capacity for GA3 sample.
The adsorption follows PSO kinetic adsorption models.
Thermodynamic parameters indicate that the adsorption
process is exothermic spontaneous and physisorption in
nature. The above mentioned results showed that GO/algi-
nate composites are promising solid adsorbents for differ-
ent types of organic herbicide.
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