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Highly effective adsorption of xanthene dyes
(rhodamine B and erythrosine B) from aqueous
solutions onto lemon citrus peel active carbon:

characterization, resolving analysis, optimization
and mechanistic studiest
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The aim of this work is to study the adsorption of xanthene dyes, erythrosine B (EB) and rhodamine B (RB), in

aqueous binary dye solution. A novel adsorbent powder was prepared by heating lemon citrus peels

impregnated with phosphoric acid at 500 °C; the adsorbent was characterized by scanning electron

microscopy (SEM), FT-IR spectroscopy, and surface potential studies. A speciation method was

developed for two dyes that have overlapping spectral peaks using

ratio derivative UV-visible

spectrophotometry. The experiments were designed and optimized by experimental design and

response surface methodology (RSM). The optimized adsorption conditions in the batch system were pH
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4, an adsorbent dose of 0.3 g L™%, and an extraction time of 21 min. The isotherm adsorption capacities

for EB and RB were 296 and 254 mg g™, respectively. The adsorption rate studies showed that the
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1. Introduction

Many countries face serious challenges regarding the prepara-
tion of safe drinking and sanitary water for human use because
their natural sources of water are continuously contaminated by
human activities.

The main factors involved in water contamination are
industry, agriculture, and municipal waste effluents. These
contaminated effluents comprise compounds such as nutrients,
pesticides, heavy metals, petroleum derivatives, dyes, and other
synthetic compounds.”* Some dyes are introduced into water
from textile and dye-producing industries; other industries also
play roles in water contamination.® Dyes absorb sunlight,
causing a decrease in the penetration of light into water; this is
detrimental to the ecological cycle of water. In addition, dyes
contain toxic compounds, such as benzene, xanthene, and
aromatic amines, which are potentially hazardous to living
organisms.*®

Erythrosine B (EB) (Fig. 1) is a water-soluble anionic
xanthene dye. It is used in cosmetics, pharmaceuticals, and
foodstuffs, as well as for the analysis of vitamins, proteins, and
diagnostic medicines. From these sources, EB is introduced
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removal of the dyes obeyed pseudo-second order kinetics. Thermodynamic studies showed that
removal of the dyes from the binary solution was endothermic and spontaneous.

into water and thus has undesirable effects on human
health.*™ It has previously been removed from aqueous
solutions by adsorption.”*'® EB in dye mixtures has been
analyzed by electrophoresis and derivative
spectrophotometry.'”*°

Rhodamine B (RB) (Fig. 1) is a cationic xanthene dye. It is
used in the printing, textile, and photography industries. RB is
toxic to human beings. Its use in foodstuffs is prohibited in
many countries; however, it is still used illegally.”*** RB has
previously been removed from aqueous solution by adsorp-
tion,"****** photo-catalytic degradation,”**” coagulation, and
flocculation.®*® RB has also been traced by methods such as
electrochemistry, HPLC,* spectrophotometry,*
chemoluminescence, fluorimetry, and UV-visible
spectrophotometry.*

Adsorption is defined as the aggregation of liquid or gaseous
molecules on the surface of a solid.® Adsorption processes have
many applications in industry, such as purification, prepara-
tion,> gas storage, preconcentration,*” solar energy,® and
wastewater treatment.®> The physical forces involved in
adsorption include interactions such as van der Waals forces,
dipole-dipole forces, - interactions, and hydrogen bonding.®
Due to these relatively weak interactions, adsorption and

derivative

desorption processes do not have high energy demands.** The
other processes used in dye removal are photochemical degra-
dation, chemical reactions, biological degradation, and sepa-
ration processes such as filtration and coagulation. Adsorption

This journal is © The Royal Society of Chemistry 2017
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ErythrosineB (EB)

Fig.1 Chemical structures of two xanthene dyes, EB and RB.

has some advantages over these processes, such as low initial
cost, simple equipment, and facile removal without reminder
particles.®

Derivative spectrophotometry is more selective than
conventional spectrophotometry and allows for multi-
component analysis.*>**

In multi-component mixtures in which the spectral peaks of
two or more components overlap or a weak spectrum is
obscured by a stronger peak or by impurities, derivative spec-
trophotometry can increase spectral signals and reveal peaks;
thus, it can be used to produce background spectra and alter the
structures of analytic spectra.’”**

Response surface methodology (RSM) is an optimization
method that uses mathematical modeling to extract an empir-
ical equation. In the involved equation, the dependent variable
(response) is directly related to the independent variable:

y=fByx;) + ¢ (1)

In eqn (1), y is the dependent variable (response), x; is the
independent variable, B; is the empirical coefficient, and ¢ is the
residual error.

Compared with classical optimization methods, RSM gives
more precise relationships between the parameters involved
and requires fewer experiments. It also presents an equation (a
model) to consider the interaction factor.>>*°

In the present study, the adsorptions of xanthene dyes onto
a novel adsorbent were investigated. Erythrosin B was used as
a model anionic xanthene dye and rhodamine B was used as
a model cationic xanthene dye. These dyes are similar in color
and exist in wastewater effluent; therefore, their removal and
determination are important. The adsorbent used was a novel
low-cost active carbon which was prepared using lemon citrus
waste peels. RSM and central composite design (CCD) were
used in order to design and optimize the adsorption factors
involved. The amount of adsorbent (g), extraction time (min),
and pH were the three factors that were optimized using RSM.
Ratio-derivative spectrophotometry was developed for specia-
tion of these two dyes in their binary aqueous solution. The
adsorption capacities of the adsorbent in single and binary dye
solutions were determined by isotherm studies. It was deter-
mined that the adsorption capacity of this adsorbent is higher
than that found in previous work. Also, the kinetics and ther-
modynamic parameters involved in the adsorption process were

This journal is © The Royal Society of Chemistry 2017
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determined for single and binary dye solutions. A method is
also presented in this work for the desorption of the dyes from
the adsorbent. The adsorptions and desorptions were carried
out in batch systems. To the best of our knowledge, there are no
similar studies on the removal and determination of these dyes
in their aqueous binary solution.

2. Experimental

2.1. Apparatus

Lemon citrus peel was carbonized in a simple electric furnace
(Badi, Iran) without a blanket gas. SEM images of the adsorbent
were acquired with a scanning electron microscope (CAM scan
MV2300, Canada). FT-IR spectra were obtained on a Shimadzu
FT-IR 8400 (Shimadzu, Japan). Dissolution and digestion of the
dye stocks were carried out using an ultrasonic bath (Elma
Sonic E 30H, Germany). The pH measurements were carried out
using a pH 211 microprocessor pH meter and an HI 1131
electrode (HANA Instruments, Italy). The dye solutions and the
adsorbent mixtures were stirred with a magnetic stirrer (IKA
Labor Technik, Germany). Settlement and separation of the
adsorbent from the dye solution were performed using a labo-
ratory centrifuge (Pars Azma Co., Iran). The dye concentrations
were measured with a Shimadzu UV-1650 PC UV-visible spec-
trophotometer equipped with UV-probe 2.42 software (Shi-
madzu, Japan).

2.2. Materials

The EB and RB dyes were purchased from Sigma-Aldrich
Company (USA) and were used without further purification.
Hydrochloric acid, sodium hydroxide, phosphoric acid, and
potassium nitrate solutions were all analytical grade and were
purchased from Merck Company (Darmoshtat, Germany).

2.3. Methodology

2.3.1. Preparation of adsorbent. Lemon citrus fruit was
bought from Jahrom, Iran. The juice of the lemon was extracted
with a home juice extractor, and the resulting waste peels were
dried (away from sunlight) and ground to a fine powder. The
powder was sieved with a 40-mesh sieve and mixed ina 1:3
weight ratio with phosphoric acid solution (38%). This mixture
was then left undisturbed for 24 h to allow acid penetration into
the powder particles;* the mixture was then transferred to an

RSC Adv., 2017, 7, 5362-5371 | 5363


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra23157h

Open Access Article. Published on 17 January 2017. Downloaded on 1/12/2026 2:02:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

electric furnace; the temperature was increased by 5 °C min "
up to 500 °C and was then fixed at this temperature for 3 h. The
mixture was then cooled and subsequently transferred to a hot
water container. The produced charcoal was washed with deion-
ized water to pH 7 and until the conductivity of the rinse water
decreased below 50 ps cm ™. The resulting active carbon was then
dried at 80 °C, milled, and passed through an 80-mesh sieve.

2.3.2. Practical adsorption and desorption. Stock solutions
of the dyes (1000 mg L™") were prepared each day. Deionized
water was used for dilution. The working dye solutions were
prepared daily from the stock dye solutions. Adsorption and
desorption were carried out in batch systems. 50 mL of the
aqueous solution and adsorbent were poured into a 100 mL
beaker and stirred with a magnetic stirrer. The stirring speed
was set to 480 rpm, and the temperature was set to 25 °C.

The temperature was varied only during the thermodynamic
studies. The adsorbent was weighed with an analytical balance
and added to the dye solution. After the dye removal process,
the adsorbent was separated by centrifugation at 3000 rpm. The
solution pH was adjusted by the addition of hydrochloric acid
solution or sodium hydroxide solution and was measured with
a pH meter and a pH electrode. The adsorption capacity was
calculated using eqn (2):

q=1[(Co— O)m] x V (2)

In eqn (2), q is the adsorption capacity (mg g '), C, and C are
the initial and final concentrations (mg L™ ") of the dye solution,
V is the volume of the dye solution (L), and m is the adsorbent
mass (g). The dye removal was calculated using eqn (3):

Removal = [(Cy — O)/Cy] x 100 3)

2.3.3. Ratio derivative spectrophotometry. The UV-visible
spectrophotometer scan rate was 120 nm min ' with
a sampling interval of 0.2 nm and a band pass width of 2 nm. To
prepare the ratio derivative spectrum of EB, first, a conventional
spectrum of the EB solution and a conventional spectrum of
5 mg L~ RB solution were obtained separately. To obtain the
ratio spectrum, all points of the spectrum of EB were divided by
all corresponding points of the spectrum of the 5 mg L™* RB
solution. Then, the derivative of the ratio spectrum was calcu-
lated at AA = 5 nm. To convert a spectrum to a derivative
spectrum, the absorbance values at 5 nm intervals are sub-
tracted from each other and divided by 5 nm.

A calibration curve was plotted based on the amplitudes of
the peaks of the ratio derivative spectra at 532 nm for ER and at
552 nm for RB.

2.3.4. Experimental design. In a central composite design
(CCD), five levels are considered for each factor in order to study
the interaction effects and high-order non-linear effects as well
as the linear effects. The best-fitted equation for a CCD design is

eqn (4):

P P P P
y=Bi+> BXi+> Y BXX+) BX’ (4)
i=1 i=1 j=1 i=1

5364 | RSC Adv., 2017, 7, 5362-5371

View Article Online

Paper

On the left side of eqn (4), y is the response phrase. On the
right side, the 1% to 4™ phrases relate to the constant effects,
linear effects, interaction effects, and second-order effects,
respectively. CCD comprises 27 + 2P + n. experiments, where Pis
the number of factors, 2 is the number of orthogonal (factorial)
points, 2P is the number of axial (star) points, and n. is the
number of central points.** For 3 factors, 20 experiments were
suggested (Fig. S17).

3. Results and discussion

3.1. Physical and chemical characteristics of the adsorbent

SEM images provide information about the morphologies of
adsorbent particles.*” The size range of the adsorbent particles
was approximately 2 to 40 um (Fig. 2). The particles were not
uniform, and two kinds of particles were observed: one was
constructed from sheets attached to each other, and the other
possessed a rough surface with a fine structure (Fig. S21). The
structures of these rough surfaces and parallel sheets may be
responsible for the high adsorption capacity of the adsorbent.
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Fig. 2

Fig.2 SEM image of lemon citrus powder active carbon; particle size
distribution.
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The chemical structure of an adsorbent affects the adsorp-
tion properties of the adsorbed matter. FT-IR spectroscopy can
be used to determine the functional groups present in the
adsorbed matter. In this study, dry KBr powder was mixed with
the prepared adsorbent in a 1: 100 ratio, and a sample pellet
was made. The resulting sample pellet was exposed to IR radi-
ation. Important adsorption peaks were seen in the regions of
3000 to 3500 cm ™%, 1400 to 1700 cm ™', and 1000 to 1300 cm™*
(Fig. 3).

The intense broad peak in the area of 3000 to 3500 cm ™" may
be assigned to the O-H bond stretching vibrations. This may be
due to the presence of carboxylic acid and phenol groups in the
adsorbent structure, together with the presence of a very small
amount of water in the sample. The absorption peaks present
from 1400 to 1700 cm™ " were assigned to the stretching vibra-
tions of the C=0 and C-O bonds. The presence of these groups
may also correspond to carboxylic acids or phenols. The
absorption peaks from 1000 to 1300 cm™ " were assigned to two
independent vibration stretches, C-O-C and P-O-P bonds. The
presence of these groups may be related to the aromatic ethers,
phosphate esters or polyphosphate chains present in the
structure of the adsorbent.?*°

The surface charge of an adsorbent influences the adsorp-
tion of ionic dyes. Because ER and RB are, under varying
conditions, anionic or cationic species in solution, the surface
charge of the adsorbent was studied.

When the dissolution of an adsorbent in water decreases the
pH of the solution, the surface charge of the adsorbent is
negative. On the other hand, when dissolution of the adsorbent
in water increases the pH of the solution, the surface charge of
the adsorbent is positive.***” Also, when the dissolution of the
adsorbent in water does not affect the solution pH, the adsor-
bent is neutral and has a zero potential surface.

In order to determine the surface charge of the adsorbent
used, the pH value for 50 mL of KNO; solution (0.1 M) was
adjusted in the range of 1 to 8; then, 0.015 g of the adsorbent
was added to the solution. This solution was then stirred with
a magnetic stirrer for 24 h.

The new pH of the solution was subsequently determined
and recorded. The difference between the final and initial pH
values (pH¢ — pH;) was plotted against the initial pH value (pHj;)
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Fig. 3 FT-IR spectrum of lemon citrus powder active carbon.
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(Fig. S31). As can be seen in Fig. S3,T at a pH value between 3
and 4, the surface potential was almost zero. However, at other
pH values, the surface potential was negative. The same results
have been reported by others*** for natural active carbon
adsorbents.

3.2. Determination of binary solution dyes

Because the UV-visible signals for the dyes overlap in their
binary solution, it is difficult to determine the concentration of
each dye. In Fig. 4, the UV-visible spectra for ER and RB in their
pure and binary solutions can be observed. To resolve the
overlapping peaks, ratio derivative spectrophotometry was
used.*

According to the Salinas method,* eqn (5) was derived for
the calculation of the concentration of erythrosine B in the
binary dye solution.

d/dA(A,/AR) = d/dA(SE/SR X CR)CE [5)

Therefore, the plot of d/dA(4,/Ag) vs. Cg is a straight line with
the inclination d/dA(eg/eg x Cg); this must remain constant at
each wavelength. ¢; and ¢ are the molar absorption coeffi-
cients, and Cy is the divider concentration. In this study, Cr was
empirically determined (5 mg L™).

The same equation can be used to determine the concen-
tration of RB in the binary solution.

In Fig. S4,1 the ratio-derivative spectra of EB and RB are
shown in the dye concentration range of 1 to 8 mg L™ " in the
presence of 5 mg L' of the other dye. By plotting the ampli-
tudes of the peaks at 532 nm for erythrosine B (EB) and at
552 nm for rhodamine B (RB) against the dye concentration,
calibration equations were produced (Table 1).

3.3. Model development and evaluation

In this study, the effects of pH, adsorbent dose, and extraction
time on the dye removal percentages were studied; the
temperature and dye concentration were fixed at 25 °C and

1.2

absorbance

520 570 620

wavelength(nm)

Fig. 4 UV-visible spectra for (a) EB, (b) RB, (c) binary dye solution; (d)
sum of the spectra.
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Table 1 Calibration parameters of the binary dye solution

Parameter
Dye Slope Intercept LOD® LOQ’ R?
Erythrosine B —0.069(£0.001) —6.7 x 10°* 0.02  0.10  0.999
Rhodamine B 2.311(+0.02)  —5.7 x 1072 0.04 0.13  0.998

“ Limit of detection (36). ? Limit of quantification (104).

20 mg L, respectively. The primary approximation range for
each factor was found using the one-at-a-time approach. Five
levels were defined for each factor using central composite
design (CCD, Table 2).

Table 3 shows the factors involved and the results obtained
for 20 experiments (runs). The level of each factor and the order
of each experiment were both designed according to special
software based on the experimental design.

Calculation of the equation coefficients and evaluation of the
model were accomplished using analysis of variance (ANOVA,
Table S17).

3.4. Optimization of dye removal

The coded equation for the removal of EB from the binary dye
solution is given by eqn (6):

R, =94.7 — 7.59X, + 527X, + 1.73X; + 631X, X, + 2.47X, X,
—2.8X,X; — 2.42X,2 — 1.7X,> (6)

Removal of RB from the binary dye solution is given as
eqn (7):

Ry = 96.11 + 0.59X, + 1.46X; + 0.75X, X, — 1.93X, X3
+0.95X,X; — 0.46X,% — 1.20X57 7)

Eqn (8) can be used to convert the real value for each factor to
the coded value, and vice versa:**

X; = (x; — x})/Ax (8)

where X; is the coded value, x; is the real value, x? is the mean
value, and Ax is the step variation in the real value of the factor.

Using eqn (6)-(8) and the values for all factors, it is possible to
calculate the removal percentages in all areas where the model
was established. The effectiveness of the dye removal shows the
amount of desirability. For EB, the minimum dye removal was
63.6%, corresponding to a desirability of zero, and the
maximum dye removal was 99.84%, corresponding to a desir-
ability of 1. By considering the desirabilities for other dyes, the
total desirability can be calculated by Do = /DgDg-*
Optimum conditions were selected to maximize the desirability
(Table 4).

3.5. Surface response studies

Both the pH and the amount of adsorbent affect the removal of
ER from a binary dye solution. The effects of these factors and
their interactions are shown in Fig. 5a.
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When drawing the diagrams of the surface responses, time
was assumed to be the mean value (15 min). Increasing the
amount of adsorbent enhanced the dye removal percentage.
This is a common effect that has been observed in other
studies.” This effect is due to the increase in the number of
active sites that react with the dye molecules. An increase in pH
led to a decrease in the removal percentage of ER from the
binary dye solution. This effect can also be seen in other studies
of anionic dye removal by active carbon adsorbents.”****~** The
reaction of a dye and an adsorbent is due to van der Waals
forces, II-II polar interactions, and ionic interactions.® It
appears that attractive and repulsive ionic forces vary with
changing pH, while other forces are constant.

EB (an acidic dye) has pK, = 5.3. Thus, when the pH is below
5.3, molecular EB is dominant. However, if the pH is higher
than 5.3, anionic EB is dominant. Due to the negative charge on
the adsorbent surface, EB is adsorbed at low pH, where there is
no repulsive interaction.

Time has also been suggested to affect the adsorption of EB
(Fig. 5b). The amount of adsorbent was assumed to be 0.015 g.
With increasing time, the surface areas having high removal
percentages will expand. This effect is due to mass transfer and
diffusion in solution as well as to the surface of the adsorbent
particles. With increasing time, adsorption increases.'

Time and the adsorbent dose have synergic effects on dye
removal (Fig. 5¢). When both factors are at a minimum, the
removal amount will also be low.

The effects of pH, the adsorbent dose, and their interactions
on the removal of RB from the binary dye solution are shown in
Fig. 5d. In this surface response diagram, time was assumed to
be the mean amount (15 min). An intermediate area with low
dye removal is seen in this graph; the removal increases on
either side of this area.

The pH value affects the ionization of acidic and basic dyes.
It also changes the potential charge of the adsorbent surface.
The potential charge of the adsorbent surface was negative in
the pH range of 2 to 8; the negative charge increased at pH > 4
and pH < 3. Three forms have been reported for RB in aqueous
solution: positively charged RB at low pH values (pH < 7),
a zwitterion at high pH values (pH > 7), and a neutral molecule
(lactonic) in non-polar or aprotic solvents."®

RB is positively charged in the entire pH region of the study;
also, the dye adsorption depends on the surface charge of the
adsorbent, which was minimal at pH 3 and 4 and high at the
high and low ends of the region.

The effects of pH, extraction time, and their interactions on
the removal of RB are shown in Fig. 5e. In this diagram, the
assumed amount of the adsorbent was 0.015 g. By increasing

Table 2 Experimental factors and levels in CCD for the removal of EB
and RB dyes

Value
Factors x; (pH) 2 281 4 519 6
X, (adsorbent) g 0.005 0.0091 0.015 0.021 0.025
X3 (time) min 5 9.1 15 21 25
Coded X 1.68 (—a) —1 0 +1 +1.68 (+a)

This journal is © The Royal Society of Chemistry 2017
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Table 3 Experimental factors and values obtained through CCD and RSM
EB Removal RB Removal

No. of experiment pH Adsorbent (g) Time (min) Experimental Predicted Experimental Predicted
1 6.00 0.0150 15.0 74 75.1 96.8 97.1
2 5.19 0.0091 9.1 63.6 64.0 95.0 94.9
3 4.00 0.0050 15 80.0 81.0 93.0 93.8
4 2.00 0.0150 15 99.8 100.0 97.0 97.2
5 4.00 0.0150 15 95.0 94.7 95.0 96.1
6 5.19 0.0210 9.1 95.4 92.8 95.9 95.6
7 4.00 0.0150 15 93.7 94.7 95.9 96.1
8 2.81 0.0091 21.0 99.6 100.9 97.6 97.5
9 4.00 0.0150 25 96.5 96.6 94.9 95.2
10 2.81 0.0210 9.1 99.7 100.3 90.0 90.3
11 4.00 0.0150 15 96.0 94.7 96.6 96.1
12 4.00 0.0150 5.0 89.0 90.8 90.0 90.2
13 4.00 0.0150 15 94.2 94.7 96.4 96.1
14 2.81 0.0210 21 95.0 93.2 99.3 99.0
15 4.00 0.0150 15 93.4 94.7 96.0 96.1
16 5.19 0.0210 21.0 94.4 95.6 96.3 96.6
17 4.00 0.0150 15.0 96.2 94.7 96.7 96.1
18 5.19 0.0091 21 80.0 78.0 92.8 92.0
19 4.00 0.0250 15 97.9 98.8 96.0 95.9
20 2.81 0.0091 9.1 99.3 96.8 93.2 92.6

the extraction time, the RB removal can be increased; this is due
to mass transfer and the dependence of the diffusion on time.

The extraction time and the adsorbent dose had synergic
effects on the removal of the dye (Fig. 5f). In this case, the pH
was assumed to be 4.0. Maximum dye removal took place in the
area with the maximum extraction time and adsorbent dose.
Others have also mentioned this effect.>*

3.6. Desorption

Desorption of the dyes from the adsorbent was carried out using
NaOH solution (0.1 M). Approximately 0.5 g adsorbent was
added to 50 mL of the solution in each experiment. The
adsorbent was regenerated by soaking it for 24 h and stirring it
for 1 h. Then, the adsorbent was rinsed away using deionized
water until no dye remained in the effluent, the conductivity was
10 pus cm ™' and the pH was 7. As mentioned in Section 3.5, EB
dye was not adsorbed at high pH. Regarding RB dye, at pH
values greater than 7, RB converts from the cationic form to
a zwitterion. It appears that at high pH, the RB zwitterion and
EB anion were desorbed from the anionic surface and rinsed
with OH™ ions. The regenerated adsorbent was separated, dried
at 80 °C, and reused. No change was distinguished in the
removal capacity when the adsorbent was used three times.

3.7. Adsorption isotherm

An isotherm is an equation that relates the adsorbate concen-
tration in solution, C. (mg L"), to the amount of adsorbate on
the adsorbent surface, g. (mg g~ ). There are various types of
isotherms. An isotherm curve gives information about the
surface characteristics of an adsorbent and its affinity to the
adsorbate. An isotherm was also used to determine the
maximum amount of adsorbate (¢max) to be adsorbed.*

This journal is © The Royal Society of Chemistry 2017

The Langmuir isotherm is suitable for studying adsorption
phenomena in which the adsorbent surface is homogenous and
can adsorb a limited number of adsorbate molecules with
constant energy during the entire adsorption process.

Ce/qe = Ce/qm + l/qmb (9)

gm in eqn (9) is the maximum adsorption capacity (mg g "), and
b is the equilibrium constant (L mg~*).*>

The Freundlich isotherm is appropriate for heterogeneous
surfaces in which multilayer adsorption can be explained by
isotherm eqn (10).

Ing.=1nln C. + In k¢ (10)

In eqn (10), k¢ is the Freundlich constant (L mg ') and ! is
the uniformity constant, for which n > 1 is favorable.>**»

The Temkin isotherm assumes a linear decrease of the
thermal energy of adsorption as it progresses. It is appropriate
for heterogeneous surfaces. In contrast to the previous
isotherms, it considers adsorbate-adsorbent interactions.

g=BlnKr+ Bln C, (11)

In eqn (11), Kt is a constant related to the binding energy of
adsorption (L mg™ ') and B is a constant relating to the thermal
energy of adsorption.*>**

Table 4 Optimized conditions for removal of EB and RB dyes from
binary solution

Adsorbent dose
gL

Dye concentration

Time (min) pH (mg L™

21 4.0 0.30 20
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Fig.5 Response surface diagrams for the removal percentages of EB (a—c) and RB (d—f) by the adsorbent. Initial dye concentration: 20 mg L™%;

temperature: 25 °C; volume of dye solution: 50 mL.

The Dubinin-Radushkevich isotherm is appropriate for
surfaces with unequal adsorption energies and porous adsor-
bents. It considers a heterogeneous surface with varying energy
during the process.

In ¢. = In gp — Bp[RT In(1 + 1/C)P? (12)

gp, in eqn (12) is the assumed saturation capacity (mg g~ "), and
Bp (mol® kJ?) is related to the adsorption free energy E = 1/
J2Bp; R is the universal gas constant (8.314 J K" mol ') and T
is the temperature (K)."2%*

The adsorption data for the ER and RB dyes in single solu-
tions are compatible with the Langmuir, Freundlich, Temkin,
and Dubinin-Radushkevich isotherms. The Langmuir isotherm

Table 5 Isotherm parameters for dye adsorption: T = 25 °C, pH = 4, adsorbent = 0.3 g L™*

Single solution Binary solution

Isotherm Parameter EB RB EB RB
Langmuir
Celge = Celqm + 1/qmb. A plot of C./q. versus C. should indicate a ~ Quay (Mg g™ ") 296 254 — 129
straight line with a slope of 1/g,, and an intercept of 1/gy,b b(Lmg ) 0.241 0.656 — 1.23
R? 0.994 0.998 — 0.990
Freundlich
In g. =1/n1In C. + In k¢ A linear plot of In g, n 2.93 4.67 0.8562 5.1
versus In C, gives values of k¢ and 1/n ke (L mg™) 86.64 124 2.57 73
R? 0.962 0.964 0.865 0.945
Temkin
ge = BIn Ky + B In C.. A plot of g. versus In C. B 58.23 34.99 64.14 16.57
gives the values of B and Ky Kr (Lmg ™) 3.12 37.9 0.186 104.58
b = RT/B 42.55 70.80 38.63 149.52
R? 0.986 0.974 0.952 0.964
Dubinin-Radushkevich
In g. = In gp — Bp[RT In(1 + 1/C.)]* the values of gp and Bp gp (mg g™ 222 210 119.1 109
were calculated from the plot of In g, versus [RT In(1 + 1/C.)]* Bp (mol’ k%) 68x107 821x10°% 211x10° 4.85x10*
R’ 0.832 0.830 0.979 0.877
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Table 6 Comparison of dye adsorbents
Time of adsorption Capacity of adsorbent
Dye Adsorbent (min) pH (mg g™ Reference
EB Commercial active carbon — 7.0 89.3 9
Nanoparticle-loaded active carbon 3.8 3.6 31.0 12
Nanoparticle-loaded active carbon 4.5 4.0 37.5 13
De-oiled mustard active carbon 60 3.5 3.52 15
Lemon waste active carbon 21 4.0 296 This study
RB Modified NiO nanoparticles 30 7.0 111.1 1
Modified montmorillonite 120 4.0 188.6 20
Magnetic nanocomposites 60 2.0 46.9 22
Lemon waste active carbon 21 4.0 256 This study

is the most compatible with the experimental data. The R’
values of the equations for ER and RB are 0.994 and 0.998,
respectively (Table 5); this means that the adsorbent surface is
homogenous for a dye in a single solution.

For the adsorption of RB in the binary dye solution, the data
for RB is compatible with the Langmuir, Freundlich, Temkin,
and Dubinin-Radushkevich isotherms, although the Langmuir
isotherm is the most compatible, with R* = 0.990 (Fig. S5t and
Table 5).

The adsorption data for the adsorption of ER in the binary dye
solution is compatible with the Freundlich, Temkin, and Dubi-
nine-Radushkevich isotherms; however, the Dubinin-Radush-
kevich isotherm is the most compatible, with R* = 0.979 (Fig. S51
and Table 5). This may be due to adsorbent-adsorbate interac-
tions. In the binary dye solution, RB adsorption causes the
homogenous surface of the adsorbent to convert to a heteroge-
neous surface for EB. Thus, RB adsorption obeyed the homoge-
nous surface law, while EB adsorption obeyed the heterogeneous
surface law. Other studies have found similar results.”
Comparing the adsorption of dyes in single solutions showed
that the adsorption capacity of the adsorbent for EB is greater
than that for RB. This is due to higher molecular weight of EB
relative to RB and corresponds to van der Waals forces between
the adsorbent and the adsorbate. However, the adsorption
capacity of the adsorbent for EB in the binary solution was lower
than that for the RB dye solution (Table 5). This is due to the
positive charge of the RB dye molecules and the negative surface
potential of the adsorbent, which facilitates the competitive
adsorption of RB compared to EB. A comparison of the results of
this work with other results shows that the adsorption capacities
are higher relative to previous work; also, the adsorption times

are better or comparable, and the pH values are comparable. This
is obvious for both EB and RB dyes (Table 6).

3.8. Kinetics of adsorption

A sorption process consists of several steps that take place
simultaneously or successively. It includes mass transfer in
solution, diffusion in the vicinity of particles, adsorption
reactions, and inter-particle diffusion. Thus, it is very difficult
to simulate sorption with an equation. The pseudo-first order
(eqn (13)) and pseudo-second order (eqn (14)) equations can
be used to assess and model a sorption process. In the
following equations, ¢, is the adsorption capacity, and ¢ is the
extraction time.*

In(ge — ¢)) = In q. — Kj2 (13)

tlg, = kyq + tlge (14)

By fitting the experimental data to eqn (13) and (14), useful
parameters such as Kj, K,, and g. can be determined. K;
(min~") and K, (g mg~ " min~") are the rate constants of the
pseudo-first order and pseudo-second order kinetics, respec-
tively, and g. (mg g~ ') is the equilibrium amount of the
adsorption capacity. These parameters are important in
adsorption processes.

Fitting the experimental data to pseudo-first order kinetics
shows that the R* values for dye removal in single and binary
dye solutions are low. Additionally, the calculated g. differs
greatly from the experimental g.. Thus, it seems that pseudo-
first order kinetics is not appropriate for simulating these
adsorption data (Table S21). However, fitting the experimental
data to the pseudo-second order kinetics equation results in an

Table 7 Calculated thermodynamic parameters, T = 20 °C to 70 °C, pH = 4, adsorbent = 0.3 g L™*

Single solution Binary solution

Equation parameter EB RB EB RB

In K = —AH°/R x 1/T + AS°/R. A linear AH® (k] mol ™) 22.47 18.66 27.43 24.41
1.

plot of In K versus = gives AH® and AS°

AG® — AH® — TAS®. Values of AG® were AS’ J mol ' K1) 67.17 120.30 102.76 91.87

caleulated from AH® and AS° AG® (k] mol™") (T = 25 °C) 2.45 —17.19 —3.19 —2.97

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Dye adsorption in single and binary dye solutions, fitted to the
Van't Hoff thermodynamic equation. Initial dye concentration: 20 mg
L~% temperature: 20 °C to 70 °C; pH = 4; adsorbent dose: 0.3 g L%,

R? value near 1 and a calculated ¢, that is close to the experi-
mental g.; this shows the suitability of the pseudo-second order
kinetics equation (Table S2 and Fig. S67).

3.9. Thermodynamics of adsorption

The equilibrium constant, K, is a temperature-dependent
parameter. Because K has relationships to many thermody-
namic parameters, it is possible to determine the thermody-
namic parameters involved by changing the temperature during
the experiments.*

AG’= —-RTIn K (15)
AG® = AH® — TAS® (16)
In K= —AH"/R x 1/T + AS/R (17)

In eqn (15)-(17), AG® (kJ mol ") is the variation in the Gibbs
free energy, AH® (k] mol ") is the thermal energy of the reaction,
and AS° (J mol~* K™ !) is the variation in the randomized energy.

By carrying out the adsorption experiments at various

temperatures and by plotting In K(In g./ce) vs. % , the thermo-

dynamic parameters were obtained; they are shown in
Table 7.2

The AH® values for the adsorption of a dye from single and
binary dye solutions in this work are positive; however, they are
low (18.66 to 27.43 k] mol ). This means that these processes
are endothermic and physical sorption processes. In physical
sorption, the equilibrium is rapidly attained and easily revers-
ible because the energy demand is low.>*** The randomized
energy variations of adsorption (AS°) for single and binary dye
solution experiments are also positive; this indicates an
increase in entropy in all cases. The Gibbs energy variation,
AG°, indicates the degree of feasibility of biosorption; it can be
positive or negative.**** In binary and single biosorption of dyes,
AG® decreases with increasing temperature, indicating
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increasing feasibility of the reaction. Adsorption of RB in the
binary dye solution on the surface of an adsorbent gives an
opposite charge to its surface and aids the adsorption of ER in
the binary dye solution (Fig. 6).

4. Conclusion

Erythrosine B (EB) and rhodamine B (RB) dyes were selected as
models of xanthene dyes for dye adsorption from aqueous
solution; both were removed effectively. Ratio derivative UV-
visible spectrophotometry was used as an analysis and specia-
tion method for the binary aqueous solution dye.

A biomass-based active carbon was prepared and character-
ized. It was found that the lemon citrus active carbon was
a suitable adsorbent for these dyes in single and binary dye
solutions. Specific adsorbents have been previously used for the
removal of acidic and basic dyes; however, in this study, one
adsorbent was used for the adsorption of both acidic and basic
dyes. The optimized conditions were distinguished by the
response surface methodology. Using the Dubinin-Radushke-
vich and Langmuir isotherms, we calculated the adsorption
capacities for EB and RB in dye solutions. It was also found that
the rate of dye removal followed pseudo-second order kinetics.
The desorption reactions for the dyes in the binary dye solution
were endothermic and spontaneous. The Gibbs free energy
variation (AG) for EB and RB adsorption in their binary dye
solution were —3.194 and —2.967 k] mol ', respectively. The
adsorbent used was regenerated in 0.1 M NaOH solution.
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