OPTIMUM CONDITIONS FOR THE ADSORPTION OF METHYLENE
BLUE ONTO ADSORBENT PREPARED FROM TEA WASTES
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Abstract:

The optimum adsorption conditions for the removal of methylene blue (MB) dye onto activated carbon produced

from Nigerian tea waste were studied with the help of response surface methodology (RSM) statistical software.
The effect of two adsorption variables (adsorbent dosage and adsorbate concentration) were investigated using
central composite design (CCD), a subset of response surface methodology (RSM) with the targeted response
being percentage removal of MB. The optimum adsorption conditions obtained were the adsorbent dosage of 0.7 g
and the initial concentration of 87 mg L* with the desirability of 0.96. The predicted and experimental adsorption
efficiency values for MB adsorption were 90.23 and 91.07%, respectively, showing desirable agreement between
the experimental and the predicted value from the models with a relatively small error of 0.84. The results show
that tea waste has the potential of being a very good precursor for activated carbon production.
Keywords: Tea waste, activated carbon, adsorption, response surface methodology

Introduction

The growing use of dyes which are classified as hazardous
compounds has recorded a significant increase in recent years
due to their wide range of industrial applications. They are
mostly used considerably in various industrial processes such
as paper and pulp manufacturing, plastics, dying of clothes,
leather treatment and printing which later result into soil and
water contamination due to the presence of industrial effluents
containing dyes (Argunet al., 2014). The presence of these
dyes is unwanted in the environment due to their toxicity with
most of them being recalcitrant to microbial degradation.
Some of the dyes also lead to the formation of compounds
that are potentially carcinogenic due to their ability to undergo
anaerobic degradation (Banat et al., 2007). Another threat
posed by the presence of dyes in the environment is that the
highly color wastewaters they form may impede sunlight and
oxygen from reaching various aquatic organisms which lead
to their demise (Crini, 2006).

What has always been a challenge to industrialists and
environmentalists is the safe and effective disposal of
wastewater containing these dyes because cost-effective
treatment alternatives are not available. Physical and chemical
treatment processes, such as coagulation, chemical
precipitation, membrane filtration, and electrochemical
methods, were applied for the removal of dyes and heavy
metals from wastewater (Alslaibi et al., 2013) but most of
these methods lack significance mainly due to their high
capital and operational cost, disposal of residual metal sludge,
continuous need of chemicals and sometimes failure to meet
acceptable limits of environmental protection agencies
(Baccar et al., 2013). Therefore, there is a pressing need for
more cost-effective and environmentally friendly methods.
One of the most commonly used techniques involves the
process of adsorption, which is the adhesion of chemicals onto
a solid surface (Adetokun et al., 2019; Cheng et al., 2018;
Garba & Afidah, 2016; Garba et al., 2015; Garba et al.,
2019a; Garba et al., 2019b; Gogoi et al., 2018; Huang et al.,
2017; Jeon, 2018; Pongener et al., 2017; Prashanthakumar et
al., 2018; Santos et al., 2018; Zango et al., 2016) with
activated carbon being the most widely used solid surface.

Proficient and effective adsorptions are achieved with the aid
of experimental design which helps in identifying the
significant factors (input), improving the process or product
robustness and minimizing process variation. Response
surface methodology (RSM) is the statistical technique that
has been used by many researchers to determine equations of
regression model under certain operating conditions(Garba &
Afidah, 2014).

The aim of this research is to study the role of response
surface methodology software in optimizing methylene blue
(MB) adsorption conditions using activated carbon prepared
from Nigerian tea waste.

Materials and Methods

The chemicals and materials employed in this work include
phosphoric acid (H3PQOa), methylene blue dye, purified
nitrogen gas, furnace, oven, ultraviolet-visible (UV-Vis)
spectrophotometer, isothermal shaker, and tea waste. All
reagents used were of analytical grade.

The tea waste obtained from different eateries at Ahmadu
Bello University, Zaria was ground and sieved (500 pm) to
get a uniform size. 30 g of the raw material was impregnated
with 0.5 M phosphoric acid. The adsorbate is methylene blue
(MB), a basic aniline dye with the molecular formula
C16H18CINsS. It is also known as methylthioninium chloride
which at room temperature appears as a solid and odourless.
The basic properties and characteristics of the MB dye are
listed in Table 1.

A stock solution was prepared by dissolving 1 g of MB dye in
1 L of distilled water with MB solutions of different
concentrations (10, 23, 55 and 87 mg L) were prepared by
diluting the stock solution with distilled water. The
concentrations of residual MB dye were measured using a UV
spectrophotometer (Multi-user lab Cary 300 UV/Vis 1601
Spectrophotometer). The maximum wavelength (Amax) Of this
dye is 668 nm.
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Table 1 Properties and characteristics of MB

Generic Name

Methylene Blue

Chemical formula

Molecular weight (g mol™)
Molecular volume (cm®mol?)
Molecular diameter (nm)
Maximum wavelength (nm)

Colourindex
Chemical structure and sample T

C16H18CIN3S
319.85
241.9

0.8
668

52.014

Preparation of activated carbon

The impregnated tea waste sample was put into the stainless
steel vertical tubular reactor that was placed in a furnace. The
sample was carbonized under purified nitrogen gas (99.99%)
with a flow rate of 150 mL min-* and at a heating rate of 10
Kmin-t until 1073 K and held for 2 h. The product was cooled
to room temperature (303 K), washed with distilled water and
dried at 373 K in an oven. The activation process took place
using carbon dioxide gas under the same condition as the
carbonization but it was held for 1 h, 30 min. The activated
product was cooled to room temperature (303 K), washed
with distilled water and dried in an oven at 373 K.

Batch adsorption experiment

The adsorption experiment was carried out to determine the
removal efficiency of MB in aqueous solution at a different
combination of variables as shown it Table 2. Each sample
was kept in a shaker until it reached equilibrium. In order to
analyze the solutions, all samples were filtered to separate the
adsorbate from the solutions and to minimize the interference.
The remaining concentration of the MB solution was
determined using the ultraviolet-visible  (UV-Vis)
spectrophotometer at 668 nm. The MB % removal was
calculated using equation 1:

MB removal(% R) = % x 100 1)

Where: Co and Ce represent the liquid-phase concentrations at
initial and equilibrium states (mg/L), respectively.

Central composite design (CCD) was chosen and applied for
the statistical design of experiments and data analysis because
it aid in optimizing the effective variables with the least
number of experiments as well as probe the interaction among
the parameters. The detailed CCD process was described in
our previously published papers (Afidah & Garba, 2015;
Garba & Afidah, 2015).

Results and Discussion

Development of regression model equations using CCD

The design matrix of the preparation variables, their ranges
and the response (Ywms) respectively were displayed in Table
2. Ywms is the percentage removal of MB calculated from
equation 1 which was recognized as a response by the
software.

CCD was applied for the development of the polynomial
regression equation which was two factor interaction (2FI)
expressions as suggested by the software. The model
expression was selected in accordance with sequential model
sum of square that is based on the polynomial’s highest order
where the model was not aliased and the additional terms
were significant (Garba & Afidah, 2014).
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Table 2: Experimental
composite design

design matrix using central

MB adsorption variables MB removal
Run Adsorbent Initial Concentration Yirs (%
dosage (q) (mgL?) e (%)
1 0.20 (-1) 23 (-1) 87.74
2 0.20 (-1) 55 (0) 88.77
3 0.20(-1) 87(+1) 89.72
4 0.70(+1) 87(+1) 91.07
5 0.50(0) 23(-1) 88.00
6 0.10(-w) 55(0) 86.07
7 0.50(0) 55(0) 85.29
8 0.80(+a) 55(0) 87.69
9 0.50(0) 55(0) 89.29
10 0.50(0) 55(0) 85.62
11 0.50(0) 55(0) 86.90
12 0.50(0) 100(+0r) 78.60
13 0.50(0) 10(-) 88.80

+1 and —1 for high and low values respectively, representing the
factorial points; +a, 0 and 0, zafor the axial points; 0, 0 for the
replicates at the center points

The correlation between predicted and experimental data was
obvious as shown by the model’s R? value of 0.9252 which
was within desirability range (Gomez-Pacheco et al., 2012).
The final empirical model’s equations for percentage removal
of MB (Ywms) response was given as equation 2.

Yup = 11.61 4+ 2.59x; — 1.91x, + 0.70x,%, 2

The positive and negative signs before the terms indicate the
synergetic and antagonistic effect of the respective variables
(Garba & Afidah, 2014). The appearance of a single variable
in a term signified a uni-factor effect and two variables imply
a double factor effect (Ahmad & Alrozi, 2010).

The MB percentage removal ranges from 78.60-91.07% as
can be seen on the total experimental design matrix and the
values of the response in Table 1.

Statistical analysis

In order to evaluate the individual as well as the interaction
effects of the variables influencing the MB removal
efficiency, analysis of variance (ANOVA) was performed.
The sum of squares and mean square of each factor,
F-value as well as Prob.>F values are shown in Table 3 for
MB percentage removal.

ANOVA validated the importance and how adequate the
models are. From Table 2, dividing the sum of the squares of
each of the variation sources, the model and the error variance
by the respective degrees of freedom give the mean square
values. The model terms with a value of Prob.>F less
than 0.05 are considered as significant (Ahmad &  Alrozi,
2010; Garba et al., 2016a; Garba et al., 2016b).

From Table 3, it can be seen that the model F-value is 16.10
and Prob. >F of 0.0186 signifies the model’s significance for
MB removal. The only significant model term was x, with
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x,as well as xixz being insignificant to the response. From the
statistical results obtained, it can be seen that the models were
suitable in predicting MB removal within the range of the
studied variables. Additionally, Fig. 1 shows the predicted
values versus the experimental values for MB removal,
portraying that the developed models successfully captured
the relationship between the adsorption process variables to
the response.

Table 3 ANOVA for (2FI) response surface of MB %
removal

Sumof Degreeof Mean

Source F-value Porb>F
squares freedom square
Model 85.52 2 42,76  16.10 0.0186
X1 33.66 1 33.66 14.80 0.0533
X2 51.86 1 51.86 17.39 0.0216
X1Xz 26.15 1 26.15 11.05 0.0590
Residual 70.15 10 7.01
Lack of fit  68.89 6 11.48 2.85 0.0879
Pure Error 1.26 4 0.32
_ 90.3336
;__e_ 88 6279
©
3 869222
g 852164
E =
o
= 83.5107
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Fig. 1: Relationship between predicted and experimental
data for MB removal

Individual and interaction effects of the variables

From Table 3, it can be observed that the individual effect
inflicted by initial concentration on MB percentage removal
was superior to that of adsorbent dosage having F-values of
17.39 and 14.80, respectively. The interaction effect between
the studies variables (Adsorbent dosage and Initial
concentration) was slightly insignificant with F- and Prob>F
values of 11.05 and 0.0590, respectively.

Figure 2 showed the 3D response surface plots for the studied
variables demonstrating the effect of adsorbent dosage and
initial concentration on the response (Ywms). From Figure 2,
the percentage MB removal can be seen to increase with an
upsurge in all the studied variables.

86.82

55.00

x; = Initial concentration (mg L)

Fig. 2: Three-dimensional response surface plot demonstrating the effect of adsorbent dosage and initial concentration

for MB removal

Process optimization

The optimization of MB adsorption onto WTAC was carried
out using design-expert software (Stat-Ease,
Inc., Minneapolis, MN 55413, USA). In the optimization
analysis, the target criterion was set as maximum value for the
response. The optimum adsorption conditions obtained were
initial concentration of 87 mg L and adsorbent dosage of
0.70 g with desirability of 0.96 as shown on Table 4.
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Table 4: The optimum MB adsorption parameters onto
WTAC

Parameters WTAC
MB adsorption (%) Predicted 90.23
Experimental 91.07
Error 0.84
Model Desirability 0.96
x1, Adsorbent dosage (g) 0.70
X2, Initial concentration (mg L) 87.00
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At the optimum conditions, the predicted and experimental
MB removals were found to be 90.23 and 91.07%,
respectively showing good agreement between the
experimental values and those predicted from the model with

a relatively small error of 0.84.

Several researchers reported adsorbent dosage ranging from

0.1g to up to about 20g for MB adsorption by employing

several adsorbents such as fly ash (Kumar et al., 2005),

modified sawdust (Zou et al., 2013), raw mango seed (Kumar

et al., 2013)and modified mango seed (Kumar et al., 2013).

Conclusion

Two adsorption parameters were optimized with the help of

CCD, a subset of RSM for the adsorption of MB dye onto

waste tea activated carbon with the dye percentage removal

(Ywmsg) as the analysis response. Based on the results obtained,

the two factors (adsorbent dosage and initial concentration)

have varying impacts on the adsorption processes. Highest
removal percentage of the MB dye was obtained at the
optimum conditions of adsorbent dosage (0.68 g) and initial

concentration (85 mg L) with the desirability of 0.96.

Results of the optimization analysis revealed that good

removal of MB can be achieved which is comparable to some

conventional adsorbents.
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