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Abstract: The cellulose matrix was characterized by FTIR,
BC NMR, XRD, TG, SEM and applied in the removal of the
reactive red RB dye in an aqueous medium, with a capacity
of adsorption at a pH of 2.0, and an adsorption equilibrium
time which was reached at around 200 mins. The kinetic
study for the system followed the Elovich model. The
adsorption isotherms for the system at temperatures
of 35°C, 45°C, and 55°C were adjusted to the Langmuir,
Freundlich, Sips, and Redlich-Peterson non-linear models,
with a capacity of adsorption for adsorbent of 5.97 mg g7,
5.64 mg g', and 4.62 mg g, respectively. The adsorption
occurred by electrostatic interactions and it was favorable
and spontaneous, with the influence of temperature.
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1 Introduction

Dyes are substances used in large-scale manufacturing,
including the textile industry, the goal of which is to color
their products. The textile dyes can be classified according
to their chemical structure or method by which they are
fixed. The use of dyes to color fabrics is a practice that
has been used for a long time and which is supported
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by large quantities of dyes on the market. The dying
process involves washing in its final stage of operation.
The process is conducted in current baths for the removal
of excessive original dye, or hydrolyzed dye that has not
been fixed to the fiber in the previous stages due to the low
fixation rates. About 10-15% of these dyes are discarded
into effluents, polluting the environment and affecting
aquatic organisms [1].

Additionally, most dyes have a synthetic origin, and
the reactive red RB (Fig. 1) stands out, which presents
in its structure aromatic rings, sulfonic groups and azos
that are unlikely to reach oxidative catabolism and which
are not biodegradable. Thereby, numerous techniques
for their removal have caught chemists’ attention,
and many of them are still in the experimental stages
of precipitation, photodegradation, membrane filtration,
electrodeposition, coagulation [2]. However, many of
these methods require additional chemicals or generate
toxicants. Due to the high cost and complexity shown
by these methods, adsorption is an alternative for the
treatment of effluents contaminated with dyes [3].

Adsorption procedures are more advantageous in
removing synthetic dyes from industrial effluents, because
they are transferred from the aqueous effluent to a solid
phase. This technique offers flexibility. The advantage of
this method, when compared with others, is that in many
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Figure 1: Structure of the reactive red RB dye.

© 2015 Lucinaldo S. Silva et al., licensee De Gruyter Open.

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.



802 — Lucinaldo S. Silva et al.

cases the treated effluent may be reused, is free of heat,
odor, and specially, toxicity. Additionally, adsorption,
most of the times, is a reversible process and adsorbent
regeneration is possible creating a great operational
saving. Nevertheless, some adsorption materials are
limited due to economic reasons and have also a low
reaction capacity [4].

The development of the chemistry of materials
has triggered an increased interest for new, low-cost,
renewable, low-toxicity materials, and has initiated
studies of how to improve existing materials [4,5].
The most frequently studied materials are activated
charcoal [6], cellulose [7], silica [8], clay [9], zeolites [10],
chitosan [11], several lignocellulosic materials, agricultural
waste, such as eucalyptus [12], wheat straw [12], sugarcane
bagasse [13], peanut husk [14], bamboo [15], corn grains
[16] among others. The cellulose stands out for being the
most abundant polysaccharide in nature, and it arouses
attention specially due to its low cost [1].

This work uses pure cellulose that was obtained
commercially. It compares the results with data from the
literature from various lignocellulosic materials used
as adsorbents to identify whether the adsorption was
influenced by the cellulose or other existing constituents
in these materials.

This paper describes the adsorption of the reactive
red RB dye in cellulose and the assessment of kinetic,
thermodynamic, and equilibrium data.

2 Experimental part

2.1 Materials

Cellulose (Aldrich), HCl (Impex), NaOH (Impex), KNO,
(Impex), reactive red RB dye (Dystar), and deionized water,
all with analytical grade, were used with no previous
purification.

2.2 Characterization

The infrared spectra were obtained using a Bomem FTIR
spectrophotometer, MB series, by the tablet method,
using 1% of the sample in KBr, with 32 scans, in the region
between 4000 and 400 cm?! with a resolution of 4 cm™.
The solid form 2C NMR spectra were obtained from cross-
polarization (CP) with the magic angle of rotation spinning
(MAS) technique in a Bruker AC 300 spectrometer, at room
temperature, in a powder disc. The relaxation resting time
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was 3 seconds, with an acquisition time of 50 ms, contact
time of 3 ms, a rotation frequency of about 4 KHz, and
a resonance frequency of 75 MHz. The X-ray diffraction
was obtained on a Shimadzu instrument, model XD3
A, in the 20 range between 5 and 502, using the powder
method. The scanning rate was 52 min?, using the CuKa
radiation source, with a wavelength of 154.06 pm. The TG
curve was obtained on a DuPont instrument, model 9900,
at a temperature range between 25 to 1000°C, and at
a heating rate of 10°C s?, using argon as carrier gas at
aflowrate of 1.67 mL s'. The Scanning Electron Microscopy
(SEM) was performed on a Jeol microscope, model JEOL
JSM 6060, using the operational voltage of 20 kV with
a 1000 to 5000 power of magnification.

2.3 Dye adsorption
2.3.1 pH measurements

The pH measurements were performed on a Tec-3MP pH
meter, using a coupled glass electrode. The instrument
calibration was carried out by using buffer solutions of pH
4.0 and 7.0.

2.3.2 Absorbance measurements

The absorbance measurements were performed on
a Varian Cary 300 spectrophotometer, with a wavelength
of 518 nm and a maximum solution absorption of the
reactive red RB dye.

2.3.3 Point of zero charge (pszc)

The point of zero charge of the cellulose matrix (Cel) was
determined by the method of solid addition [17]. 20.0 mL of
aKNO,0.1 mol L'solutionwere added to a series of beakers.
The pH value of each recipient was adjusted with HCl
and/or NaOH 0.1 mol L solutions for pH values from 2.0 to
12.0 and the solution’s initial pH, pH,, was measured. Next,
20.0 mL of each recipient containing KNO, were added
to 20.0 mg of the cellulose matrix (Cel); the suspension
was shaken for 24 h. After this time, the solution’s final
pH value, pH,, was measured. The difference between the
initial and the final pH was measured by A pH=pH, - pH,.
The graph of ApH in the function of pH, was plotted;
whereby the pH, value of A pH was 0 and called the point
of zero charge (pszc) of the material.
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2.3.4 Adsorption kinetics

Approximately 20.0 mg of the cellulose matrix was put
in contact with 20.0 mL of a 30.0 mg L! solution of the
reactive red RB dye, in the optimum pH of adsorption. This
system was stirred every 20 minutes at the temperature of
25°C. After this period, the centrifugation was performed
and an aliquot of the supernatant solution was removed,
and the remainder quantity of dye was determined by
the absorbance measurements. The result showed the
necessary time to reach the maximum adsorption capacity
of the adsorbent used [18]. The experimental data obtained
was studied with the pseudo-first order [19], pseudo-
second order [20], intra-particle diffusion [21], and Elovich
[22] adsorption kinetic models.

2.3.5 pH influence

The variation study of the solution’s initial pH of the
reactive red RB dye was conducted t. For this study, dye
solutions ranging from pH 2.0 to 12.0 were used so that
the dye’s initial concentration was 30.0 mg L%, as the
analytical curve was within the range of 5-55 mg L.
With the pH adjusted within the above-mentioned range,
the scanning was performed to check the dye’s solutions
spectra. 20.0 mL of the dye’s solution was kept in
contact with 20.0 mg of the matrix and stirred for 24 h, at
a temperature of 25°C within the different pH values. After
contact , centrifugation was carried out and an aliquot of
the supernatant solution was removed, and the remainder
quantity of dye was determined by absorbance readings.
The result showed an optimum pH for adsorption [23,24]

2.3.6 Adsorption isotherm

A mass of approximately 20.0 mg of the cellulose matrix
was placed in contact with 20.0 mL of a solution with
different concentrations ranging from 200-900 mg L* of
the reactive red RB dye. This system was continuously
stirred at different temperatures (35°C, 45°C, and 55°C), in
the pH and optimum adsorption time. After the optimum
time, centrifugation was carried out and an aliquot of
the supernatant solution was removed, and then the
absorbance reading was performed. The non-linear models
of Langmuir [25], Freundlich [26], Sips [27], and Redlich-
Peterson [28] were applied to adjust the experimental
data. The quantity of dye retained in the adsorbent
q, (mg g') was calculated using Eq. 1:

Sorption of the anionic dye in cellulose =—— 803
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where C, is the initial concentration of the dye (mg L?),
Cf is its final concentration (mg L), m is the mass of the
adsorbent (mg), and V is the dye volume solution (mL)
[29,30].

2.3.7 Statistical assessment of kinetic and equilibrium
parameters

The assessment of the non-linear kinetic models and
adsorption isotherms by the error function (F )
represented by Eq. 2 were conducted, which compared the
experimental data point by point with those obtained by
the adjusted model. The models that had a lower value of

F__ were the most adequate to describe the experimental
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behavior:
where g, ,is the adsorbate adosorption capacity by the
adsorbent provided by the model; g,  is the experimental
adsorption capacity, and p is the number of experimental
points performed [18,23].

The value of the correlation coefficient (R?), provided
by Origin 8.0, was also used to assess the adjustment,
which could be determined by using equation 3.

error

_ Zp: qi,mod_qi,exp

i qi,exp

n 2

Z (qi,exp - qi,mod )
> ; n—1
R =1- - > [ ] 3)
— n—p
Z (qi,exp - qi,cxp)
where g, is the average of all values of ¢, [18,23].

iexp iexp

3 Results and discussion

3.1 Characterization

Fig. 2 shows the cellulose spectrum to qualitatively assess
the presence of functional groups in the material. Thus,
the spectrum indicates the presence of OH groups due
to bands that appear in the region between 3600 and
3200 cm?, which are related to the OH stretching vibrations
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Figure 2: Fourier Transform Infrared spectrum of celulose.
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Figure 4: X-ray diffractogram of cellulose.
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of the ring and the side chain v(-CH-OH) and v(-CH,-OH).
Another important vibration in the cellulose spectrum
appears in approximately 2900 cm® corresponding to
the stretching of the methyl and methylene groups.
The absorption in the region between 3000-2800 cm®
is assigned more precisely to v C-H groups. The band
in 1639 cm* corresponds to the vibration of deformation
8 (0-H) of primary and secondary hydroxyl groups
present in the cellulose structure. The region between
1500-1200 cm?, shows the presence of bands that also
corresponds to the deformation of primary and secondary
OH groups; between 1200-1000 cm? the stretching bands
of (C-O) alcoholic groups occur. The bands present
in the region below 1000 cm™ are assigned to absorptions
of the alcoholic groups [31,32].

The BC nuclear magnetic resonance spectrum, in solid
state, enables the analysis of the chemical environment of
the surface of cellulose chains. In the spectrum (Fig. 3),
carbon 1 (C1) gives the highest chemical shift at 104 ppm,
since it is bonded to two atoms of oxygen. The next two
signals at 88 and 83 ppm are assigned to carbon 4 (C4)
which appears to be bonded to only one oxygen atom. This
is responsible for the 1,4’-B-glycosidic bond. The location
of the signal at 88 ppm indicates a region of higher
crystallinity and in 83 ppm, a region of lower crystallinity
or amorphous. They are called 4c and 4a, respectively.
The chemical shifts in the region 72-68 ppm are
attributed to C2, C3, and C5 that have equivalent chemical
environments (secondary carbons, bonded to -CH
groups). The carbon that has the shortest chemical shift is
C6, a primary carbon bonded to a hydroxyl group, which
appears in 65 ppm (6c) for regions of higher crystallinity
and in 63 ppm (6a), for regions of lower crystallinity [31,32].

Fig. 4 shows the X-ray diffractogram for the cellulose
used in this work, showing three well-distinct planes 101,
002, and 040, characteristic of micro-crystalline cellulose.
In crystalline regions, as the intermolecular interactions
are more intense, and the arrangement more ordered, the
availability of hydroxyls for chemical reaction is lower.
In non-crystalline regions, these interactions are not
as intense, the arrangement is not as ordered, and the
hydroxyls are not as accessible to solvents or reagents any
longer. The highest reactivity of the carbon 6 (C6) hydroxyl
is due to the fact that it is primary and, therefore, less
sterically hindered. The hydroxyls bonded to secondary
carbons C2 and C3 are less reactive, probably because they
are involved with intramolecular hydrogen bonds [5].

The thermogravimetric curve (TG) of cellulose is
shown in Fig. 5. The curve shows a single decomposition
event, in the temperature range between 290°C and 374°C,
corresponding to a total mass loss of 92%, as we can see
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Figure 5: Thermogravimetric curve and the derivative of cellulose.

Figure 6: Scanning Electron Microscopy (SEM) of cellulose.

from its derivative. However, it is clear that there is a 2%
mass loss up to 70°C, corresponding to physisorbed water.
The cellulose does not decompose totally in the above-
mentioned temperature range, as up to 1000°C there is
a 5% mass loss [4,5].

Sorption of the anionic dye in cellulose = 805

Fig. 6 shows the scanning electron microscopy
of cellulose, which is a fibrous, compact, and almost
amorphous material, with some cavities (micro-pores)
that contributed to the adsorption of the reactive red RB
dye in an aqueous solution.

The physical properties of this cellulose show that the
area of cellulose is approximately 1 m?g?', a low value when
compared with inorganic materials, but consistent with
several other biopolymers. This value can be confirmed
when compared with the data for the distribution of pores
(7000-50,000 nm) for these are in the region of macro-,
micro- and mesoporous absence which greatly decreases
the adsorption of nitrogen, thus providing a low surface
area [33].

3.2 Dye adsorption

Fig. 7 shows the graph of a zero charge potential
of the adsorbent matrix which shows the behavior
of the cellulose surface’s charge. As noted, in low pHs,
small proton retention occurs by the material, with
a slight increase in the pH; value until the pH, reaches 4.
Thereafter, this retention gradually decreases until pH., is
around 6.5 in which the positive and negative charges are
equivalent. This is the point we call point of zero charge,
pH which corresponds to the value where the curve
intercepts the point where the pH variation is null. After
this point, the material surface begins to release protons
and consequently creates a reduction in the pH, value.
This process occurs until the pH, reaches approximately
9.0, and after this point, the attraction of protons by the
material surface starts again and, thus, the pH of the
medium increases. After this behavior is verified on the
matrix surface, the adsorption of cationic dyes is favored
when the solution’s pH is higher than the material’s pH,,
whereas the adsorption of anionic dyes, such as the reactive
red RB, is favored to a pH lower than the pH_, [34].

The behavior of the dye adsorption for the adsorbent
matrix in function of time, was performed at room
temperature. The quantity adsorbed became practically
constant for the cellulose matrix with a pH of 2.0, after
200 minutes of contact with the adsorbent and the reactive
red RB dye. This means that for the matrix, this time was
adequate for the thermodynamic equilibrium to occur
between the adsorbent and the adsorbate.

Aiming to establish the equilibrium for the maximum
adsorption, different mathematical models were applied
to explain the adsorption kinetics of the dye studied in the
adsorbent matrix [19-22].
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Figure 8: Influence of pH on the adsorption of 30.0 mg L* of the
reactive red RB dye in cellulose, T = 25°C.

The pseudo-first order model, also known as the Lagergren
equation, is represented in a non-linear form by Eq. 4:
q,=q [1-exp(-K, 1] ()
where g, (mg g') is the quantity adsorbed per gram of
adsorbent in the equilibrium condition, g, (mg g) is the
quantity adsorbed per gram of adsorbent in time ¢t (min),
and K, (min?) is the pseudo-first order adsorption velocity
constant [19].

The pseudo-second order model, developed by Ho
and McKay, is represented in a non-linear form by Eq. 5;
the adsorption initial velocity, h (mg g' min?), where t = 0
can be obtained by Eq. 6:
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K,q. 2t
g =— 5)
I+q,.K,t
2
h=K,q, (6)

where ¢g,(mg g') is the quantity adsorbed per gram of
adsorbent in the equilibrium condition, g, (mg g) is the
quantity adsorbed per gram of adsorbent in time ¢t (min),
and K, is the pseudo-second order velocity constant
(g mg' min?) [20].

Another mathematical model applied was the intra-
particle diffusion, represented by Eq. 7, aiming to identify
a possible mechanism of intra-particle diffusion as
a limiting stage:

qt:Kptl/2 +C 7

where Kp is the intra-particle diffusion constant
(mg g'min’?) and g, is the quantity adsorbed (mg g*) in time
t (min) [21].

The Elovich equation, represented by Eq. 8, is suitable
for systems with heterogeneous adsorption surfaces
involving a chemisorption process:

q ,:%(lnaﬁ)%-%(lnt) ®

where B is the desorption constant (g mg?), a is the initial
adsorption rate (mg g' min’), and g, is the quantity
adsorbed (mg g') in time ¢ (min) [22].

Table 1 shows the parameters obtained with the
adjustment to the different kinetic models for the system
studied in an aqueous medium. For this system, the
correlation coefficient, showed R? < 0.95 for the matrix in
the pseudo-first order models and intra-particle diffusion,
and R? > 0.95 for the pseudo-second order models and
Elovich as it can be seen in the adsorption of the reactive
red 194 dye in Brazilian pine-fruit shells [18]. An adsorption
process t follows them and shows the chemisorption as
a limiting stage.

After the kinetics adsorption, the pH influence on the
adsorption of the reactive red RB dye was performed on
the cellulose surface with a pH variation from 2.0 to 12.0.
However, it was observed that in the pH values 0f 10.0, 11.0,
and 12.0 spectrum alterations regarding the changes in the
maximum absorption wavelength occurred. Therefore,
only the pH values between 2.0 and 9.0 were assessed. The
experimental results related to the adsorption capacity in
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Figure 9: Diagram of the adsorption process of the cellulose matrix and the reactive red RB dye in an acidic medium.

the function of pH, show the influence of this property on
the process involving the studied adsorbent, as illustrated
by Fig. 8. The maximum adsorption capacity occurs at
pH 2.0 for cellulose and will be considered for further
studies [35].

As shown in Fig. 7, the quantity of adsorbed molecules
in pH 2.0 is expected for the adsorbent matrix, as the pH _,
is around 6.5. As long as the pH increases, the quantity of
the adsorbed reactive red RB dye also increases. In Fig. 9,
an interaction diagram illustrates that between cellulose
and the anionic dye by electrostatic interactions, the dye
was first deprotonated and then put in contact with the
surface. The surface was protonated after the contact,
and electrostatic interactions occurred which caused the
removal of dye in an aqueous solution [35,36].

The pKa values for the anionic dyes that had
sulfonic groups were lower than 2.0, whereas for those
which had the azo groups were higher than 9.0. Thus,
the reactive red RB dye that had such groups may

have appeared with positive and negative charges of
pKa values between 2.0 and 9.0, and depending on
the relationship between sulfonic and azo groups, the
dye molecules may have presented neutral or negative
charges, due to the higher quantity of sulfonic groups.
Therefore, by correlating the values of pH,,. (Fig. 7),
pH (Fig. 8), and pKa a reaction diagram was proposed
for the removal process of the reactive red RB dye in
cellulose, as shown in Fig. 9 [37].

The experimental adsorption curves were performed
in pH 2.0 for cellulose at temperatures of 35, 45 and 55°C,
such as the adjustments to Langmuir [25], Freundlich
[26], Sips [27], and Redlich-Peterson [28] non-linear
models. Although the empirical models do not reflect the
issues related to the adsorption mechanism, they provide
information on the adsorbent’s adsorption capacity [38,39].

The Langmuir isotherm is used for monolayer
adsorption processes on homogeneous surfaces, in which
the adsorption occurs in specific sites of the adsorbent.
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Table 1: Kinetic parameters obtained with the different models for adsorption of 30.0 mg L of the reactive red RB dye in the cellulose matrix,

pH 2.0, T = 25°C.

Pseudo-first-order

qe(exp) Kl . qe[calc) Rz
(mg gl) (mln'1) (mg gi) error
0.9440
0.3343 0.0127 0.3528 ? 0.2853
Pseudo-second-order
qe(exp) KZ qe[calc) RZ h
(mgg?) (g mgimin?) (mg g (mg g* minY) error
0.0060
0.3343 0.0288 0.4480 0.9545 0.5235
Intraparticle diffusion
KP RZ
(mg g»lmin»llz) error
712 10. 1
0.2790 0.7126 0.885
Elovich
o B R?
(mg g*min") (g mg?)
0.0130 10.2246 0.9583 0.1001

The expression of the Langmuir isotherm is represented
by Eq. 9:

K.qg C
qe: LQmax e (9)
1+K,C,

where g, is the quantity adsorbed of dye in the equilibrium
(mg g), C, is the dye concentration in the equilibrium
(mg L), K, is the Langmuir adsorption constant (L mg?),
related to adsorption energy, and g . is the maximum
adsorption capacity (mg g?) [25].

The Langmuir parameters may be expressed in terms
of a dimensionless separation factor, R, defined by Eq. 10,
thus being possible assess the isotherm form:

max

1

i E——— (10)
1+K,C,

L

where C, is the dye concentration in the equilibrium
(mg L") and K, is the Langmuir constant. For a favorahble
adsorption the values of R, must be between O and
1 (O<RL<1), whereas R, > 1 represents an unfavorable
adsorption; R, = 1 represents a linear adsorption and for
R, = 0 the adsorption process is irreversible [25].

Another frequently applied model is the Freundlich
isotherm, used to describe heterogeneous systems and
represented by the empirical Eq. 11:
qe =KFCe(l/n) (11)
where g_is the quantity adsorbed of dye in the equilibrium
(mg g, C, is the dye concentration in the equilibrium
(mg L"), K, (mg g'(mg L*)*") is the Freundlich constant,
related to the adsorption capacity, and n is the
heterogeneity factor. Because they describe adsorption
processes on heterogeneous surfaces, the adsorption sites
have different adsorption energies that present a variation
due to the surface covering. When the value of n for this
model is equal to 1, the adsorption is considered linear,
with identical adsorption energies in all sites; and for
n greater than 1 the adsorption process is favorable [26].

The combination of the Langmuir and Freundlich
models resulted in the Langmuir-Freundlich model, also
known as Sips model, represented by Eq. 12:

K . C
— E qmax (12)

1+K, C."

e
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Table 2: Parameters obtained with different non-linear models of
isotherms for adsorption of the reactive red RB dye in cellulose at
different temperatures, pH 2.0.

Models 35°C 45°C 55°C
Langmuir
q,,, (mggy 8.9438 8.4647 5.4743
K (Lmg?) 0.0029 0.0028 0.0011
R, 0.3479 0.3978 0.6773
R? 0.9907 0.9761 0.9865
arror 0.0359 0.0566 0.6271
Freundlich
n 2.4834 2.5451 5.2102
K.(mg g'(mg L)) 0.4257 0.4299 1.4030
R? 0.9877 0.9677 0.9811
error 0.0389 0.0682 0.0535
Sips
q,,, (mggy 6.9940 5.8655 4.6413
KLF((L g 6.73x10° 1.70x10° 2.62x107
n 1.7336 3.5928 7.3690
R? 0.9899 0.9902 0.9999
error 0.0346 0.0329 0.0037
Redlich-Peterson
Kep (L) 0.0149 0.0119 0.0218
a,(mg LY)" 1.79x10¢ 4.39x10™ 8.36x10°¢
n 1.9749 3.5147 1.9256
R? 0.9922 0.9962 0.9967
0.0329 0.0200 0.0183

error

where g, is the quantity adsorbed of dye in the equilibrium
(mg g, C, is the dye concentration in the equilibrium
(mg L"), K,, is the Langmuir-Freundlich adsorption
constant[(Lg")""],q, . istheadsorption maximum capacity
(mg g'), and n is the heterogeneity parameter. This model,
at low concentrations, behaves similarly to the Freundlich
model, considering the adsorption in multilayers. In high
concentrations it follows the Langmuir model, considering
the existence of a saturation point [27].

The Redlich-Peterson isotherm is another
mathematical model used to characterize adsorption
processes. It is represented by Eq. 13:

qe:KLCen (13)
14+a,C.

where g_is the quantity adsorbed of dye in the equilibrium
(mg g7, C, is the dye concentration in the equilibrium
(mg L"), K,, is the Redlich-Peterson adsorption constant

Sorption of the anionic dye in cellulose =—— 809

Table 3: Comparison of adsorption capacities of the anionic dyes by
some adsorbents.

Contact
Adsorbent Adsorbate ge ~ PH .on ac Reference
(mgg?) time
Wood dust
004 SaWdUSt ptidblue2s 592 - 8h [40]
(raw)
Acid brilli
Banana pith cid briliant 4.42 [42]
blue
AC-S
ugarcane  acid orange10 5.78 20h  [43]
bagasse
Coir pith (raw) Acid violet 1.61 120 min [44]
[45]
Blast fi
astIUTace = acid yellow 36 1.40 7.0 180 min
sludge
Blast furnace . . [45]
Acid red 88 1.30 7.0 180 min
sludge
[45]
Blast fi
astiumace Acid blue 113 2.10 7.0 180 min
sludge
M
Fly ash etomega o, 110 min  [46]
chrome Orange
Metomega
Wollastonite  chrome 0.70 150 min  [46]
Orange
Metomega
Kaolin chrome 0.65 120 min [46]
Orange
Metomega
Coal chrome 0.77 80 min  [46]
Orange
Cellulose Reactive red RB 5.97 2.0 200 min This work

(L g"), a,, is the affinity coefficient (mg L")", and n is the
heterogeneity parameter [28].

Table 2 shows the parameter values of the Langmuir
[25], Freundlich [26], Sips [27], and Redlich-Peterson [28]
models for the reactive red RB dye in view of the adsorbent
cellulose in an aqueous medium, studied in pH 2.0. It can
be observed that the Redlich-Peterson and Sips models
show the lowest F_values and the highest values of
correlation coefficients (R?), calculated from the non-
linear adjustment to the experimental data, as observed
in the adsorption of the Brazilian pine-fruit shell [18]
and in the adsorption of silica [40] for dyes. Although
the Langmuir non-linear model has not adjusted well,
the adsorption process is favorable (0<R <1). The same is
observed for the Freundlich non-linear model. Regarding
the three above-mentioned temperatures, the values of
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Table 4: Thermodynamic parameters of the adsorption of the reactive
red RB dye in cellulose, pH 2.0.

Temperature AG° AH° AS°
(°O () mol?) () mol?) () mol*K?)
35 -55.34
-61.
4 61.66 139.3 0.7
55 -67.98

n are greater than 1, a fact also verified for the models
that had the best non-linear adjustments. Table 3
shows that for the systems at temperatures of 35, 45,
and 55°C, the temperature influences the adsorption of
the adsorbent , as the quantity adsorbed in pH 2.0 was
5.97, 5.64 and 4.62 mg g, respectively. The material has
a good adsorption capacity when compared with several
adsorbents (Table 3) for the determined pH conditions and
contact time. Thus, it is possible to verify that the cellulose
influences the adsorption of the dye, may be changed by
other components present in the lignocellulosic materials,
or have similar capacity to other material removal, as
shown in Table 3.

The adsorption thermodynamic parameters, including
Gibbs’ free energy (AG2), enthalpy (AH?), and entropy
(AS9), were calculated through Egs. 14 and 15, being (AH?)
and (AS?) obtained by Vant’t Hoff equation (Eq. 14) plotting
the linear graphic log K_ versus 1/ T [41]:

S LY
BB T 303k 2.303RT (14)
AG® = AH® —TAS® (15)

where R is the gas constant (8, 314 J mol* K'), T is the
temperature (K), K, is the equilibrium constant to
temperature T, calculated through Eq. 16:

K = 4. (16)

e
where g, is the quantity adsorbed in the equilibrium
(mg g") and C, is the concentration in the equilibrium
(mg L7) [41]. The negative values of AG2 (Table 4) indicate
that the adsorption process of cellulose is spontaneous
and favorable. A positive enthalpy value (AH2) shows
that the adsorption process is endothermic by nature.
A positive entropy value (AS9) represents an increase in
the randomness of the system during the adsorption

process [1]
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4 Conclusion

The pure cellulose showed a good performance in view
of adsorptive assays, showing itself compromised in
removing the reactive red RB dye from an aqueous
medium, considering that the pH 2.0 is optimum for the
adsorbent; the study of the kinetic mechanism indicates
that the adsorption process is in compliance with the
Elovich kinetic model; and the isotherms in pH 2.0 in
temperatures of 35, 45, and 55°C follow the Redlich-
Peterson and Sips non-linear model, with an influence
of the temperature in the adsorption process. According
to the adsorptive assays, cellulose may be applied in the
environment for removing dyes in an aqueous medium,
as it is a very abundant material, easily obtainable, and
renewable.
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