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1. Abstract
The adsorption of Reactive Black 5 dye from aqueous solution been studied using four types
of adsorbents, namely BACX6 (Bamboo Activated Carbon), BACX2, Filtrasorb F400 and bone
char.It is important to determine the most accurate capacity parameters from isotherm studies in order determine the size of an adsorption water treatment process. The experimental
results obtained showed that BAXC2 has the highest BET surface area of 2123 m2/g followed by
BAXC6 which has 1400 m2/g , F400 793 m2/g and bone char 107 m2/g. Equilibrium isotherms
were determined by seven methods using Langmuir, Freundlich, Langmuir-Freundlich (L-F),
Redlich-Peterson (R-P), Toth, Temkin and Dubinin-Radushkevich (D-R) isotherms models.
Five error analysis methods were used to obtain the best fit model: the sum of errors squared,
hybrid error function, Marquardt’s percent standard deviation, the average relative error and
sum of the absolute error. The results showed that the R-P model gave the best results for BACX6
and BACX2, whereas the L-F gave the best results for F400 and bone char using the hybrid error
function.

3. Introduction
Water pollution is becoming a serious concern due to the increasing contamination by industrial pollutants in fresh water bodies [1]. Many processes like the pulp and paper, plastics, leather
treatment and printing industries use a wide range of dyes and
discharge them into the aquatic ecosystems [2]. In the textile industries, large quantities of dyestuffs rereleased into water bodies with residual dye liquors through washing, rinsing and dyeing process operations and it is essential that removal techniques
must be adopted [3]. Dyes are stable to heat and are both resistant
to light and are non-biodegradable. Based on these characteristic
properties they pose significant threats to the environment and
consequently need to be treated in an effective manner [4]. Nevertheless, dye containing effluents are difficult to treat as they are
highly stable, frequently contain toxic metal ions and complexes
with high quantities of total dissolved solids [5,6].
Treatment techniques, including coagulation-flocculation, membrane separation, reverse osmosis and solvent extraction, have
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been used to process these problematic effluents [7,8]. However,
several of these treatment technologies generate their own problems including, the associated high cost, large volumes of sludge
formation and the subsequent disposal problems. Alternatively,
adsorption, as a flexible, simple and inexpensive approach, can be
used for dye process effluent treatment so reducing the concerns
over high operating and capital costs, efficiency and the need for
secondary treatment [9]. A wide range of adsorbent materials
have been developed and tested over the years and applied for
efficient dye removal. Activated carbon is the most widely-used
adsorbent because of its low cost, exceptionally-high porosity, tuneablepore size and high adsorptive capacities [10]. Many types
of agricultural waste by-products, such as husk [11,12], fruit and
vegetable shells [13,14], fruit stones [15], oil-palm shell [16,17],
bagasse [18-23], pine cone [24] and bamboo [25-27], have shown
potential as precursors for activated carbon production.
Several natural materials [28-32] have been tested for their dye
removal capabilities, including peat, sawdust, lignite and wastes
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such as tyre chars [33-37].

4.2 Adsorbent preparation

Among these precursors, bamboo holds great potential for activated carbon preparation as a carbonaceous material possessing
44 wt% carbon content. Other benefits include its application as
a major scaffolding material throughout Asia followed by its disposal as a waste material after use [38]. In addition, it can be applied as a sustainable resource as one of the world’s most rapidly
growing plants at a rate in excess of one meter per year.

Bamboo activation to activated carbons was carried out using
phosphoric acid as the activating agent and has been described in
detail [38]. Briefly, crushed bamboo was soaked using 85% phosphoric acid to a predetermined impregnation ratio. This resulting material was then pre-treated in the muffle furnace at 150˚C
for 120 minutes and then carbonized at 600˚C for 240 minutes
in an inert gas flow of nitrogen. After carbonization, this activated material was cooled and washed with hot deionized water until the wash water pH was 5.5. Two bamboo impregnation
ratios were used resulting in two carbon products, namely, 2:1
(BACX2) and 6:1 (BACX6). In addition, two other adsorbents
were tested, bone char (supplied by Brimac) and F400 (supplied
by Calgon) were used in the adsorption studies. The particle size
of bone char and F400 used for the studies ranged between 500710 μm and powdered activated carbon (< 180 μm) was used for
bamboo activated carbon.

In this project, the sorption of a dye, Reactive Black 5, from aqueous solution onto bamboo-derived activated carbon has been
studied and the dye adsorption capacities have been compared
with other activated carbons. In order to design adsorption
process plants to treat coloured effluents, it is essential to have
very accurate data to predict the treatment system capacity. The
equilibrium isotherms have been analyzed using seven isotherm
models and five error analysis methods which have been used
to correlate the data and obtain the best fit equilibrium model.
These error functions have been normalized across the range of
all the error functions for a more accurate basis of comparison
and selection of the most suitable error function which has further been used to find the most accurate isotherm constants.

4. Materials and Methods
4.1. Adsorbate
In order to investigate the efficiency of the activated carbon produced for dye adsorption, Reactive Black 5 (Chemical formula
= C26H21N5Na4O19S6, MW = 991.8 g/mol, and λmax = 599 nm),
widely used in the textile industries, has been selected as adsorbent. The dye was supplied by International Laboratory (USA),
and the structure is presented in Figure 1. A one thousand ppm
(mg/L) stock solution was prepared by dissolving the required
amount of the dye in deionized water and the solutions for the
experiments were prepared by diluting the stock solution.

4.3 Chemical and physical characterization of the adsorbents
The surface acidic and basic functional groups were determined
by the Boehm titration method [30]. For the measurement of
surface acidity, 0.2 g of adsorbents were contacted with 50 ml of
0.05N standard NaOH and shaken for 2 days. The mixture was
filtered and then back-titrated with 0.05N standard HCl. For the
measurement of surface basicity, 0.2g of adsorbents were contacted with 50 ml of 0.05N standard HCl and shaken for 2 days.
The mixture was filtered and then back-titrated with 0.05 N standard NaOH. Titrations were employed to determine the point of
zero charge of the adsorbents. Different masses of adsorbent materials within the concentration range 5–100 g/L were put into
contact with a 0.01M of KCl solution and shaken for 24 hours
until equilibrium pH was reached. The pHpzc is the pH at which
a plateau is achieved when plotting equilibrium pH versus adsorbent mass.
The textural properties of the adsorbents were obtained by determining the nitrogen adsorption/desorption isotherm at -196oC
using a QuantachromeAutosorb 1. The specific surface area was
calculated using the BET equation (SBET) and the total pore volume (Vp) was evaluated based on the amount of nitrogen adsorbed at a relative pressure of P/Po =0.97 and the average pore
diameter was determined using the relationship: Dp = 4Vp/ SBET.
The pore size distribution of the adsorbents was estimated using
the Barrett, Joyner and Halenda model [39].

Figure 1: Molecular structure of the Reactive Black 5.

4.4 Adsorption Studies
Equilibrium adsorption studies for Reactive Black dye 5 were
conducted by contacting 50 ml of dye solution of different initial
concentrations with 0.05 g of adsorbent in glass bottles. The bot-
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tles were shaken until equilibrium is reached. Upon equilibration,
solutions were filtered through 0.22μm syringe filter, and analysed by UV-visible spectrophotometer (Ultrospec 4300 Pro) at its
maximum absorbance (λmax= 599 nm)to determine the residual
equilibrium liquid-phase dye concentration. The equilibrium adsorption capacity, qe (mg/g), at different dye concentrations was
determined by a mass balance on the dye:
m = (qo – qe) = V (Co – Ce)
(1)

The parameters
and
are the experimental and calculated capacities of the adsorbed material, respectively.
Eq (3) represents the most commonly-used error function, but
it has a major drawback. As the magnitude of the errors and
thus the squares of the errors increase there is a biasing of the fit
towards the data obtained at the high end of the concentration
range.
b) HYBRID (Hybrid Fractional Error Function)

Since: qo = O, then,

(4)

V (Co − Ce ) V (Co − Ce )
qe =
m
m

(2)

where C0 (mg/L) is the initial concentration, Ce (mg/L) is the equilibrium concentration in the liquid phase, V is the volume of liquid phase (L), and m is the mass of the adsorbent (g).

5. Theory
5.1. Equilibrium studies
An adsorption process reaches equilibrium when the amount of
dye being adsorbed onto the adsorbent is equal to the amount
being desorbed at constant temperature and pH conditions. The
performance of an adsorption process can be analyzed by plotting the adsorbed dye concentration (qe) against the equilibrium
dye concentration in the liquid phase (Ce), qe being the dependent variable. Equilibrium isotherm models are frequently used
to predict or analyze the performance of adsorption processes
and determine parameters like adsorption capacity. In this study,
equilibrium experiments have been conducted to find the most
suitable equilibrium isotherm by evaluating and comparing errors of each isotherm and subsequently finding the optimized
parameters.
5.2. Error functions
Error functions are used to evaluate how well the isotherm fits
the experimental result. The choice of error function will affect
obtained isotherm parameters. Thus we need to compare different
error functions to find the function giving the least error. Error
functions based on absolute deviation from original values bias
the fit towards higher concentrations data. This is the case with
SSE. This bias can be avoided by taking fractional deviations. In
every isotherm case, each error function is minimized across all
the concentration range studied. All the error analysis methods
used in this project have been listed below:
SSE/ERRSQ (Sum ofSquared Errors)
(3)
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This error function in Eq (4) was developed in an attempt to improve the fit of the sum of the squares of the errors at low concentrations by dividing it by the measured value. The parameters n
and p indicate the number of data points and number of parameters, respectively [40].
c) MPSD (Derivative of Marquardt’s Percent Standard Deviation)
(5)

This error function, Eq (5), was used previously by a number of
researchersin the field. It is similar in some respects to a geometric mean error distribution modified according to the number of
degrees of freedom of the system [41].
d) ARE (Average Relative Error)
(6)
This error function shown in Eq (6)attempts to minimize the
fractional error distribution across the entire concentration
range [42].
e) EABS (Sumof Absolute Errors)
(7)
This approach, represented by Eq. (7) is similar to the sum of
the squares of the errors. Isotherm parameters determined using
this error function would provide a better fit as the magnitude of
the error increases, biasing the fit towards the high concentration
data [43].
An error analysis is performed to compare the errors of all the
equilibrium isotherm models and find out which one most closely fits the experimental data – this correlation will then yield the
most accurate isotherm constants. In this project, Solver add-in
was used in Microsoft Excel 2013 to carry out the optimizations.
In the end, all the errors were normalized to accurately compare
the errors on a common basis.
4
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5. Results and Discussion
5.1. Characterization of adsorbents
5.1.1. Physical characterization of adsorbents: The adsorption
of organic compounds is controlled by both physical and chemical interactions between the adsorbates and the adsorbents. The
physical characteristics of the adsorbent control the admiltanceof molecules to the micro – and mesoporesinside the carbon.
The accessible adsorbent surface is especially important for the
adsorption of large molecules such as synthetic organic chemicals and naturally occurring organic materials. The physical
characteristics of the adsorbents are summarized in Table 1[38],
indicating that the adsorbents have significant differences in surface area, pore volume and average pore diameter. Adsorbent
pores can be divided into micropores (pore size < 2 nm) and
mesopores (pore size ranged between 2-50 nm). The commercial
activated carbon F400 has a typical high surface area; it has a
larger volume of micropores than mesopores and the smallest
average pore diameter, indicating that the carbon has a higher
micro porosity.
Both bamboo activated carbons have a much higher surface area
and pore volume compared with other adsorbents and BACX2
resulting in the highest surface area and micro pore volume,
whereas, BACX6 has the highest mesopore volume. The bamboo
activated carbon produced has a much higher surface area than
other activated carbons produced using other lignocellulosic
materials and phosphoric acid activation [44]. Bone char has a
relatively low surface area due to its lack of micro porosity which
normally contributes most surface area.
5.1.2. Chemical characterization of adsorbents: The adsorbent
chemical properties affect the attractive or repulsive interactions and the acidity/bascity and pHPZCare important chemical
characteristics of adsorbents as they determine the net charge
of the adsorbent in the solution. The chemical characteristics
of the adsorbents are shown in Table 2. The results showed that
F400 contains both acidic and basic characteristics. Typically, the
acid functional groups in activated carbons include carboxylic,
lactonic, and phenolic species, and the basic functional groups
include ketones, pyrones, as well as chromene species. F400 has
more basic properties and has a relatively low density of surface
functional groups. The combined effect of all functional groups
determines the pHpzc which is slightly alkaline for F400 whereas
bamboo activated carbon has more acidic properties and has a
relatively high density of surface functional groupings such as
phosphate-containing carbonaceous structures like acid phosphates and polyphosphates which are present on the surface of
synthetic phosphoric acid-activated carbons [44]. This result
shows that the bamboo carbon pHpzcis the lowest for all the ad-
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sorbents in this study. Bone char also showed more basic properties, and the basic and acidic sites are formed by the protonation and deprotonation of the hydroxyapatite surface hydroxyl
groups [45].
Table 1: Textural properties of the four adsorbents.
Adsorbent

SBET(m2/g)

Vmicro(cm3/g)

Vmeso(cm3/g)

Dp (nm)

F400

793

0.141

0.123

2.44

Bone Char

107

0

0.255

9.43

BACX2

2123

0.494

0.943

2.79

BACX6

1400

0.209

2.008

5.32

5.2. Equilibrium isotherms for reactive dye adsorption on activated carbon
The equilibrium liquid phase concentration (Ce) was measured
and their adsorption capacity (qe) was calculated for each adsor-

bent. The results which are expressed as plots of solid phase dye
concentration against liquid phase dye concentration are shown
in Figure 2.
The highest dye adsorption capacities occurs on both bamboo
activated carbons, because both bamboo activated carbons have
a much higher surface area and pore volume than the other adsorbents. In Table 1, BACX2 has a higher surface area than that
of BACX6, however the adsorption capacity of BACX6 is higher.
And this is due to the fact that BACX6 has a much higher mesopore volume than BACX2 – 2.008 cm3/g versus 0.943 cm3/g - and
the mesopore volume is important for adsorbing large molecules
[46,47].
Table 2: Acidity, basicity and point of zero charge (pHpzc) of the five adsorbents.
Adsorbent

Total acidic
groups (mmol/g)

Total basic groups
(mmol/g)

pHpzc

F400

0.396

0.420

7.33

Bone char

0.13

3.067

9.83

BACX2

2.52

0.045

1.84

BACX6

2.50

0.150

1.93

Figure 2: Experimental adsorption capacities of the four adsorbents.
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In addition to pore size distribution and surface area, the adsorbent surface chemistry is critical in controlling the adsorption
mechanism. The adsorbents have a net positive charge and vice
versa when on the surface when the equilibrium pH of the solution is higher than the pHpzcof the adsorbents the equilibrium
solution pH is lower than thepHpzc. Both F400 and bone char have
an overall positive charge as the final equilibrium pH ranging
from 6-6.8 for F400 and 7.5-9 for bone char which is lower than
the pHpzc of the adsorbents. Consequently electrostatic attraction, which favours the adsorption process, appeared positive on
the surface and favoured the adsorption of the negative Reactive
Black 5 dye molecules.
BACX2 and BACX6 both have a net negative charge on the surface as the final equilibrium ranged from 3.4-3.5 which is higher
than the pHpzcof the adsorbents. Reactive dyes and the surface of
the bamboo activated carbon are also negatively charged and still
the reactive dyes are adsorbed to a significant extent. This suggested the effect of Van der Waals attraction and π-π forces seem
to be dominant and control the adsorption as the bamboo activated carbons have a much higher surface area than the other adsorbents [48,49]. also suggested that π-π dispersion interactions
dominate the adsorption process when most of the surface is unavailable for adsorption of co-ionic species. In addition, under a
highly acidic environment, the Reactive Black dye is not fully ionized and the surface of activated bamboo is not fully negatively
charged which can reduce the repulsion of the dye molecules at
the carbon surface and enhance the adsorption process.

concentration of adsorbed species at equilibrium (mg/g), Ce is
the equilibrium concentration of the adsorb ate in the solution
at equilibrium (mg/L), aL is the Langmuir isotherm constant
(L/g) and KL is Langmuir isotherm constant (L/g). Equation
(8) obeys the Henry’s Law at low concentrations and is applicable to homogenous sorption where the sorption of each sorbate
molecule on the surface has equal sorption activation energy.
The ratios KL/aL gives the theoretical monolayer saturation capacity, qo (mg/g). The isotherm constants,aL, KL, qo and minimum error functions are presented in Table 3. The monolayer
capacities of F400, bone char, BACX2 and BACX6 are 148, 165,
406 and 489 mg/g respectively. The adsorption isotherm data of
Reactive Black 5 onto various adsorbents were correlated with
the Langmuir model as shown in Figure 3.
Table 3: Langmuir constants with error analysis for RB5 dye.

BACX6

KL (L/g)

aL (L/mg)

110.5

0.2256

BACX2

114.9

F400

35.76

Bone
char

46.25

q0 (mg/g)

Least Error
Method

489.9

EABS

0.2823

407.0

0.2402

148.8

0.2799

165.2

ERRSQ

ERRSQ

ERRSQ

Least Normalized
Error Value
3.805

4.746

3.337

3.989

5.3. Isotherm models
The equilibrium isotherms are of importance in the practical design and operation of adsorption systems. Seven isotherm models, namely, Langmuir, Freundlich, Sips, Tempkin, Toth, D-R
and Redlich-Peterson were employed to describe the adsorption
of Reactive Black dye5. A minimizing procedure was applied to
solve each isotherm equation by minimizing the sum of error
square (SSE) between the theoretical data for qecalculated from
the equations and the experimental data points.
5.3.1 The Langmuir isotherm: Langmuir suggested an equilibrium theory to describe the monolayer coverage of an adsorb ate
a homogenous adsorbent surface [50]. The Langmuir isotherm
assumes that sorption takes place at specific homogenous sites
within the adsorbent. Once an adsorb ate molecule occupies a
site, no further adsorption can take place at that site. Therefore,
an equilibrium value can be achieved and the saturated monolayer curve can be expressed by Eq (8) as: whereqe is the solid phase
(8)
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Figure 3: Langmuir isotherm fitting for Black Reactive Dye 5 onto Bamboo
Activated carbon BACX6. Solid symbols represent experimental data.

The q0 values show that BACX6 has the highest monolayer adsorption capacity and it also fits the best. Although, the high magnitudes of errors suggest that Langmuir isotherm is not a very
good model for the sorption of Reactive Black dye 5 on the four
activated carbons. Lastly, ERRSQ gives the best approximation to
the parameter values for three of the adsorbents and EABS gives
the best approximation for BACX6.
Table 4 demonstrates the difference in the isotherm constants
that the choice of error analysis method can make. The differences in aL range from 0.1749 to 0.2545, a difference of 45% and
the monolayer capacity, qm, varies from 475.5 to 519.4 mg dye/g
adsorbent, a difference of 9.2%.
A similar table can be generated for each isotherm model and
similar variations in the isotherm constants are observed. These
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additional tables are not reproduced in the paper but are provided as Supplementary Materials.

The fitting of the isotherm model is good and the error analysis
gives good results.

5.3.2 Freundlich isotherm: In 1906, Freundlich suggested a
model to describe the properties of heterogeneous systems [51].
This model has been widely applied in heterogeneous adsorption
systems especially for organic compounds and high interactive
species on activated carbon. The studies from Freundlich showed
that the ratio of the amount of solute adsorbed onto a given mass
of adsorbent to the concentration of the solute in the solution was
not a constant at different solution concentrations. Freundlich
proposed this multi-site adsorption isotherm for heterogeneous
surface and expressed it in Eq (9) as:

5.3.4 Redlich-Peterson isotherm model: The Redlich-Peterson
isotherm is a hybrid isotherm featuring both Langmuir and
Freundlich isotherms shown in Eq (11) and does not follow
monolayer adsorption[53].
(11)

(9)
whereqe is the solid phase concentration of adsorbed species at
equilibrium (mg/g), Ce is the equilibrium concentration of the
adsorbate in the solution at equilibrium (mg/L), KF is the Freundlich constant (L/g) and bF is the heterogeneity factor. The Freundlich constant is an empirical constant depending on several envi-

Figure 4: Freundlich isotherm fitting for Black Reactive Dye 5 onto Bamboo
Activated carbon BACX6. Solid symbols represent experimental data.

ronment factors. The factor bF ranges between 0 and 1. It indicates
the degree of non-linearity between solution concentration and
adsorption. If the value of is bF equal to unity, the adsorption is
linear, which means qe value is proportional to Ce value; if the
value is below unity, the adsorption process is chemical like the
cases in this report; if the value is above unity, adsorption is more
likely to be a physical process.
The equation predicts that the adsorbed dye concentration will
increase as long as the dye concentration in the liquid increases.
According to the error analysis done, this isotherm has very high
magnitudes of error for all the error functions. This is also proved
by the fact that the isotherm figures do not demonstrate good fittings. HYBRID error function gives the least error for two adsorbent materials and ARE gives the least error for bone char and
BACX2.

Figure 5: Sips isotherm fitting for Black Reactive Dye 5 onto Bamboo Activated carbon BACX6. Solid symbols represent experimental data. Again the
constants - KLF values-vary quite substantially across the range of error functions, with BACX6 giving the least error using HYBRID error function. The
fitting of the isotherm model is good and the error analysis gives good results.

5.3.3 Sips isotherm model : The Sips isotherm, Eq (10), is derived
by combining the Langmuir and the Freundlich expressions [52].
It is used to predict the heterogeneous adsorption systems.
(10)

At low adsorb ate concentrations equation (10) reduces to Freundlich equation but does not obey Henry’s law. The exponent nLF
accounts for the heterogeneity of the system and when nLF=1, the
equation approaches the Langmuir equation. The isotherm constants for the Sips model are shown in Table 6 for dyes and the
fitting is plotted for ERRSQ in Figure 7.
The KLF values vary quite a lot across the range of error functions,
with BACX6 giving the least error using HYBRID error function.
United Prime Publications: http://unitedprimepub.com

Figure 6: R-P isotherm fitting for Black Reactive Dye 5 onto Bamboo Activated
carbon BACX6. Solid symbols represent experimental data.

It is an empirical equation with three parameters, KR (L/g), aR
(L/mg) and β. The exponent β lies between 0 and 1. When β=1,
the equation is equal to Langmuir equation; when β=0, it becomes Henry’s law.
Dye adsorption onto BACX6 using the R-P model gives the
following results as shown in Table 7 and isotherm fitting is
shown in Figure 6.
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5.3.5 Temkin isotherm model: The Temkin isotherm represented by Eq (12) is the early model describing the adsorption of
hydrogen onto platinum electrodes within the acidic solutions.
This model is excellent in describing gas adsorption systems. An
assumption is made that heat of adsorption (function of temperature) of all molecules in the layer would decrease linearly rather
that logarithmically with surface coverage [54].
(12)
Table 4: Error analysis for Langmuir isotherm for BACX6.
BAXC6

ERRSQ

HYBRID

MPSD

ARE

EABS

q0(mg/g)

519.4

502.1

475.5

487.5

489.9

aL(L/mg)

0.1749

0.2084

0.2545

0.2402

0.2256

SSE

9242.0

10540.0

16270.0

13550.0

12410.0

HYBRID

40.03

34.82

42.03

38.22

36.11

MPSD

0.2782

0.1755

0.1372

0.1405

0.1519

ARE

1.466

1.184

1.014

1.007

1.059

EABS

305.2

299.0

322.1

299.4

294.8

SUM of NE

4.468

3.842

4.185

3.864

3.805

Table 7: R-P constants with error analysis for RB5 dye.
KR (L/g)

aR (L/mg)

β

Least Error
Method

Least Normalized Error
Value

BACX6

150.0

0.4767

0.8967

ERRSQ

4.375

BACX2

268.4

0.6420

0.9142

ARE/EABS

4.246

F400

83.03

0.6012

0.8796

ERRSQ

4.396

Bone char

81.13

4.755

0.8633

MPSD

4.416

The Temkin isotherm constants for Black Reactive Dye 5 adsorption onto BACX6 are listed in Table 8.
The least error value for BACX6 is again provided by ERRSQ and
for BACX2 it is HYBRID. The error values provided are moderate in magnitude which are also shown by the isotherm fittings.
EABS provides the best fit for the other two adsorbents.
5.3.6 Toth isotherm model: The Toth isotherm is derived from
potential theory and is applicable to heterogeneous adsorption
[55]. According to the theory there is a quasi-Gaussian energy
distribution. The energy levels of most adsorption sites are lower
than the peak or maximum adsorption energy. It obeys Henry’s
law at low concentration. The Toth isotherm equation (13) has
the following form:
(13)
Table 8: Temkin constants with error analysis for RB5 dye.

Table 5: Freundlich constants with error analysis for RB5 dye.

BACX6

BACX2

F400

Bone char

KF (L/g)

1/n

127.3

0.2916

165.3

Least Error
Method
HYBRID

0.1760

48.00

0.2250

66.16

0.1751

Kt

Least Normalized Error
Value

ARE

HYBRID

ARE

3.084

BACX6

4.437

BACX2

2.981

F400

3.659

Bone char

4.215

59.57

6.981

23.42

3.888

18.81

33.85

Least Normalized Error
Value
4.503

ERRSQ

2.765

HYBRID

4.783

EABS

4.812

EABS

Table 9: Toth constants with error analysis for RB5 dye.

Table 6: Sips constants with error analysis for RB5 dye.
qm (L/g)

KLF (L/mg)

1/nLF

Least Error
Method

Least Normalized Error
Value

BACX6

571.3

0.2180

0.7409

HYBRID

3.509

BACX2

448.8

0.3013

0.7173

ARE/EABS

3.339

F400

196.3

0.2196

0.5368

ERRSQ

4.684

Bone char

230.2

0.3775

0.3679

ERRSQ

4.688

BACX6

BACX2

F400

Bone char
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81.09

Least Error
Method

KT (L/g)

β

αT

607.3

0.5781

1.790

474.2

0.5261

1.150

206.1

0.4077

271.2

0.2247

0.5817
0.3816

Least Error
Method

HYBRID

HYBRID

ARE/EABS

ARE/EABS

Least Normalized
Error Value
4.344

3.585

4.675

4.720
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The Toth isotherm constants for Black Reactive Dye 5 adsorption
onto BACX6 are listed in Table 9.
The Toth model for the first adsorbents gives a good estimate of
the isotherm parameters using HYBRID error functions.
Note1: For the Toth isotherm error analysis with F400 and bone
char, ARE and EABS both provide the least error values. However, while minimising one of the two errors it would give the minimum value for corresponding both errors i.e. EABS and ARE.
Thus, to optimize the result different initial parameter values are
tried until both the error functions converge to the same values
5.3.7 D-R isotherm model: The Dubinin-Radushkecitch (D-R)
equation was initially proposed as an empirical adaptation of the
Polanyi adsorption potential theory [56]. Since then it has been
the fundamental equation to quantitatively describe the gas adsorption and vapor adsorption by microporous adsorbents in the
form of Eq (14). The mechanism for adsorption in micropores is
that of pore-filling rather than layer-by-layer surface coverage.
(14)
The D-R isotherm constants for Black Reactive Dye 5 adsorption
onto BACX6 are listed in Table 10.
The D-R model gave the highest error values for all the adsorbents. This is also observed in the isotherm models, wherein the
isotherm curves do not fit the experimental results at all. The
HYBRIB error analysis gave the least error for BACX6, BACX2
and F400; but in the case of bone char the ARE method provided
the lowest error.
5.4. Error Analysis
5.4.1Best Error Function: In Table 11, the normalised errors
having the least values for the corresponding isotherm models
and adsorbents for dyes are summarised. A comparison of all the
normalised errors obtained for each isotherm model was made
and the least error was noted. This step was repeated for all the
four adsorbents.
From Table 11, we observe that the HYBRID error gives the least
errors in 9 out of 28 systems, EABS gives the best in 8, ERRSQ in
8 and ARE in 6. Therefore we compare the isotherms on the basis
of the HYBRID error function.
5.4.2. Best fit model: From Table 11, the HYBRID model would
be chosen as the best error function. Thus, we compared the error
values of all the isotherms for each dye system using the HYBRID
error values. The isotherm giving the least error value is listed
in Table 12. This step was repeated for all the four dye systems.
Among the four adsorption systems, the L-F and R-P both gave
the best fits for two systems each.

United Prime Publications: http://unitedprimepub.com

Table 10: D-R constants with error analysis for RB5 dye.

BACX6

BACX2

F400

Bone char

Least Error
Method

qD

BD

420.9

1.011E-006

333.6

3.036E-07

158.4

1.037E-04

168.9

Least Normalized
Error Value
4.724

HYBRID

4.236

HYBRID

4.923

ARE/EABS

5.37E-05

4.993

EABS

Table 11: Composite table for normalised errors having the least values for
RB5 dye.
BACX6

BACX2

F400

Bone char

Langmuir

3.8055
(EABS)

4.7460
(ERRSQ)

3.3372
(ERRSQ)

3.9895
(ERRSQ)

Freudlich

3.0837
(HYBRID)

4.4374
(ARE)

2.9806
(HYBRID)

3.6592
(ARE)

Sips

3.5088
(HYBRID)

3.3391
(ARE/EABS)

4.6842
(ERRSQ)

4.6883
(ERRSQ)

Redlich-Peterson

4.3746
(ERRSQ)

4.2457
(HYBRID)

4.3964
(ERRSQ)

4.4162
(MPSD)

Temkin

4.5033
(ERRSQ)

2.7652
(HYBRID)

4.7831
(EABS)

4.8117
(EABS)

Toth

4.3445
(HYBRID)

3.5846
(HYBRID)

4.6754
(ARE/EABS)

4.7200
(ARE/EABS)

D-R

4.7242
(HYBRID)

4.2356
(HYBRID)

4.9229
(ARE/EABS)

4.9931
(EABS)

Table 12: Best fit model for different adsorption isotherms for dyes based on
HYBRID error function.
Activated Carbon

Best Fit Model

HYBRID

BACX6

R-P

10.19

BACX2

R-P

17.13

F400

L-F

2.533

Bone Char

L-F

1.613

6. Conclusions
The L-F and R-P isotherms provided the least error value overall
for all the four adsorbents of the Reactive Black 5 dye systems
and its isotherm curves also fit well to the experimental data.
Individually, R-P gave the best values for BACX6 and BACX2,
while the L-F model gave the best values for F400 and bone char.
Thus, these isotherms will be the most suitable ones to determine
adsorption parameters. HYBRID seemed to give the best result
for most of the models followed by ERRSQ and EABS. The D-R
model gave the worst fit isotherm and its values did not correlate
well with the experimental values, giving high magnitudes of er-
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ror. The effect of the choice of error analysis method selected to
analyse data has been demonstrated to influence the magnitude
of the isotherm parameters; in the Langmuir example, by 45%
for aL and by 9.2% for qm. This is very significant in adsorption
system design applications.
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