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The removal of tartrazine from aqueous solutions using masau stone (MS) as a novel low-cost biosorbent was in-
vestigated. The impact of several influential parameters such as; initial pH, contact time, initial concentration and
temperature on the biosorption process of tartrazine was studied and optimized. The mechanisms of tartrazine
removal by the MS biosorbent and their kinetics and isotherm studies are also presented. It was observed that
the efficiency of the removal of tartrazine depends on the pH of the solution and the maximum efficiency
(approx. 87% at C, = 100) was found at pH 2. Kinetic studies were well suited and found to be in good agreement

Keywords:
Az}évzlye with the pseudo-second order model. The biosorption equilibrium data was adequately described by the Lang-
Tartrazine muir isotherm model at 20 °C and 30 °C. High temperatures seem to promote multilayer biosorption as the

tartrazine experimental data best fits both Freundlich and Redlich-Peterson isotherms (R? = 0.996 for both).
The maximum biosorption capacities of tartrazine were between; 0.096 mmol/g (51.3 mg/g) at 20 °C and
0.126 mmol/g (65.1 mg/g) at 60 °C. The thermodynamic parameters obtained indicated a positive and low
value of AH®, suggesting an endothermic and physical nature process with biosorption mechanisms related to
H-bonds, van der Waals and electrostatic interactions. The results clearly indicated that masau stone would be
a suitable biosorbent for the anionic dye tartrazine from contaminated wastewater under specific conditions.
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1. Introduction

The discharge of effluents that contain synthetic dyes is a major con-
cern to the environment and aquatic life due to the hazards associated
with toxicity and the large quantity of dye-loaded wastewater released
[1-3]. For instance, the textile industry alone manufactures an extraor-
dinary 60 billion kgs of fabric per annum, using up to 9 x 10'? gal of
water. About 10-25% of textile dyes could not be recovered during the
dyeing process, and 2-20% is discharged as aqueous effluents into dif-
ferent environmental components with an estimated 800,000 tons of
synthetic dyes produced each year and ~50% of these classified as azo
dyes [4-6]. Many of these synthetic dyes and their breakdown products
released are carcinogenic or mutagenic to life forms, primarily due to
carcinogens such as naphthalene, benzidine, and other aromatic com-
pounds [4]. Also, most of these dyes have a recalcitrant and inhibitory
nature because of their large size and complex molecular structures
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and are thus considered non-oxidizable by conventional physical and
biological treatments. For these reasons, a large number of recent stud-
ies have been focused on the elimination and treatment of dye-bearing
effluents. Various methods such as coagulation/flocculation, adsorp-
tion/biosorption, ion-exchange and chemical precipitation have been
employed for the treatment of dye-polluted water [7-11]. A
biosorption-based treatment process provides a number of advantages
when compared to the conventional technologies utilized, especially
when using cheap and readily available biosorbents. These biosorbents
can be produced using inexpensive growth media or obtained as a by-
product from industry. Biosorption has many beneficial features includ-
ing; the selective removal of ions/molecules over a broad range of tem-
peratures and pH values, a negligible amount of chemical/biological
sludge, its fast kinetics of adsorption and desorption (possibility of
biosorbent regeneration) and low capital and operation cost [1,8,12-
15]. Recently, the search for low-cost materials which are able to re-
move unwanted pollutants from contaminated water has intensified
[16]. Materials locally available in large quantities such as agricultural
wastes or industrial by-products may be used as low-cost adsorbents
with little or no processing. Their use as an adsorbent for water
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purification would not only add to their economic value, but also help
industries reduce the cost of waste disposal and provide a potential al-
ternative to activated carbon [17]. Thus, in this study, masau stone by-
products have been used for the biosorption of an ionic dye from aque-
ous solutions. The masau (Ziziphus mauritiana) tree typically grows in
arid and semi-arid regions around the world. Its fruit is one of the
most commonly utilized wild fruits in Zimbabwe. Extracts from the
fruits, roots, leaves, seeds, and bark of the masau tree are utilized as tra-
ditional medicines to treat the effects of skin diseases, inflammatory
conditions, insomnia and fever. For these reasons, the masau tree
plays an important role in the integrated economy of arid regions [18].
To date, there are no systematic studies of the use of masau fruits and
shells in the removal of pollutants, despite the large quantities of
waste product generated as a result of processing the fruit. Tartrazine
(TZ) is a major contaminant in the environment. Tartrazine, a coal tar
derivative, is a very popular azo dye extensively used in food-stuffs,
medicines, cosmetics and textile manufacturing [19]. Due to the hydro-
philic nature of tartrazine, its presence can be noticed as a yellow men-
ace in effluents. Contact with the dye results in many kinds of health
issues including: skin eczema, hypersensitivity, allergies, asthma, muta-
genic and carcinogenic effects and immunosuppressive effects [5]. The
studies dealing with the removal of tartrazine (TZ) using raw
biosorbents such as masau stone (MS) are rare and therefore, tartrazine
was selected as a model dye. The key aims of the current investigation
are to (i) examine the effect of influential factors including solution
pH, initial dye concentration and contact time on the biosorption pro-
cess, and (ii) determine the mechanism of TZ biosorption onto MS and
the type of TZ-MS interactions occurring by applying a range of equilib-
rium and kinetic models and analytical techniques to the biosorption
experimental data.

2. Materials and methods
2.1. Masau stone biosorbent

Masau stone (MS) biomass, was collected and mechanically crushed.
After which, the biosorbent was repeatedly washed with boiled water
and finally with distilled water, and dried at 110 °C for 24 h. After siev-
ing, approx. 70% of MS particles had a mean diameter in the range of
350-500 pm. This particle size was therefore used for the biosorption
experiments. The specific surface area of masau stone was measured
by the N,-BET method as 27.66 m?/g. The masau stone surface charac-
teristics before and after biosorption were determined using Fourier
Transform Infrared Spectroscopy (FTIR): (KBr pressed disc technique)
using a Perkin Elmer Spectrum 100 within the range of 400-4000/cm.
The surface morphology of MS before and after biosorption was exam-
ined using Scanning Electron Microscope (SEM): samples were coated
with gold and vacuumed (5-10 min) for electron reflection prior to
analysis on a JEOL-JSM 6400 scanning microscope. The point of zero
charge of the masau biomass was determined as 4.3 (The procedure
for determining the point of zero charge (PZC) of MS is described else-
where [12]).

2.2. Methods

Tartrazine (534.3 g/mol) was purchased from Sigma Aldrich, UK. All
chemicals were of analytical grade and used without further purifica-
tion. Hydrochloric acid (HCI) and sodium hydroxide (NaOH) were
used for the pH adjustment. Synthetic tartrazine stock solution was pre-
pared with distilled water (resistivity 18.24 Q) cm). Batch biosorption
studies were performed in a series of 50 cm® glass jars on a mechanical
shaker. For each experimental point, 25 cm® of a stock solution was first
added into the glass jar and then the masau stone biosorbent was added
and maintained under shaking in a regulated speed shaker (100 rpm,
biomass dosage 4.0 g/dm> and 20 °C for 96 h). After the biosorption,
the samples were filtered and analysed for tartrazine concentration.

The biosorption process was studied as a function of pH (2 —11) with
C, 0f0.187 mM and biomass dosage 4.0 g/dm?, initial tartrazine concen-
tration (0.057-0.861 mM) and contact time. After reaching equilibrium,
the concentration of tartrazine in the aqueous solution was analysed by
UV analysis, performed on a UV-Visible spectrophotometer (Perkin
Elmer LAMBDA 25, UK) at a maximum wavelength \,.x = 426 nm.

Tartrazine (TZ) uptake, ¢ (mmol/g), and percentage of removal (%)
were calculated according to Egs. (1) and (2), respectively:

q- [C“CE} <V 1)

M

The removal efficiency (%) = {1—%} x 100% (2)

0

where C, and C, are the initial and equilibrium concentrations of
tartrazine (TZ) in mM, M is the amount of dry biomass in grams and V
is the volume of the tartrazine (TZ) solution in dm®.

3. Results and discussion
3.1. pH experiment

The pH of the solution has a critical role when it comes to controlling
the dissociation of different functional groups on the biosorbent active
sites, as well as its surface charge, and the extent of ionization of the ad-
sorbate in the solution [20]. The effect of initial solution pH on the re-
moval of tartrazine was carried out in the range of 2-11 as illustrated
in Fig. 1. Biosorption of TZ by masau stone biomass was particularly de-
pendent on the pH of the dye solution. At a pH value of around 2, the
masau stone (MS) surface is more positively charged through increased
functional groups protonation, than at higher pH values. The removal
efficiency decreased from 87% to 15% when the solution pH was in-
creased from 2.18 to 11.0, following typical anionic adsorption/
biosorption behaviour. The mechanisms of the biosorption process of
TZ onto MS were mainly due to the electrostatic attractions of the
tartrazine molecules with protonated functional groups such as hydrox-
yl, carbonyl and amine groups of the masau stone at pH < pHpyzc. Con-
versely, at higher pH, the number of protonated functional groups
decreases and more OH™ ions compete with anionic dye ions for the
biosorption sites. At alkaline pH, the covalent coordination bonds be-
tween sodium ions and the surface functional group of masau stone,
such as carboxylic and sulfonic acid are very weak in basic condition.
As a result, the number of protonated functional groups decreases and
more OH™ ions compete with the anionic ions of the adsorbate for the
sorption sites, leading to a lower removal of tartrazine by the adsorbent.
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Fig. 1. Effect of solution pH on the biosorption of tartrazine (TZ) onto masau stone (MS).
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Fig. 2. Biosorption kinetics of TZ removal onto MS at different concentrations (Increasing C,: 0.057,0.102, 0.189, 0.313, 0.381, 0.600 and 0.861 mM) and fitting of pseudo first and second

order kinetics models.

Similar trends were reported for the removal of tartrazine using hen
feathers [19], activated carbon biosorbents of Lantana camara [21] and
Spirulina platensis [22]. Therefore, pH 2 was used for subsequent runs
of the biosorption experiments.

3.2. Biosorption kinetics

The biosorption kinetics are used for the determination of the rate
controlling mechanism of biosorption processes such as; biosorption
on surface and chemical reaction or diffusion mechanisms. The pseu-
do-first order kinetic model assumes that the rate of change in the sol-
ute concentration over time is logarithmic proportional to changes in
the saturation concentration and the amount of absorbent over time
[23,24]. The pseudo-first order model equation is given as follows [25]:

G = g, (1—e74) 3)

The pseudo-second order equation is given as [26]:
kyq2

=_ -t _ 4

T T kg @

where k; is the pseudo-first order kinetic constant (1/min) and k is the
constant of the pseudo-second order kinetics (g (mmol/min)).

The results of the kinetic biosorption studies are shown in Fig. 2. The
parameters of the kinetics equations are given in Table 1. The most ac-
curate model was considered based on the determination coefficient
(R?). It can be observed that the kinetics of TZ removal by masau
stone followed the pseudo-second order model for the seven TZ initial
concentrations employed in the present study. These results suggested
that the pseudo-second order biosorption mechanisms are predomi-
nant. Furthermore, the nonlinear relationship between the initial dye
concentration and the rate constants indicates that mechanisms such

Table 1
Pseudo first order and second order kinetic model constants for TZ biosorption onto MS.

as; ion exchange, - interactions and physical adsorption may be in-
volved in the biosorption process.

It is very important to realise that adsorption/biosorption mecha-
nisms (chemical bonding or chemisorptions) cannot simply be deter-
mined based on carrying out kinetic experiments or by fitting kinetic
models. In this case, analytical methods and/or adsorptive thermody-
namic data (i.e., changes in enthalpy and entropy) and activation ener-
gies, are essential to confirm that the removal process is either physical
or chemical.

The intra-particle diffusion model was used to investigate the mech-
anism involved in the biosorption process. Assuming that the rate is
controlled by pore and intra-particle diffusion, the amount biosorbed
(q¢) is proportional to the square root of time (t°°) in a non-flow-agitat-
ed system, according to the relationship given by Weber and Morris
[27]:

qr = kig x t°° + Cig (5)

ki (mg/g-min®?) is the intra-particle diffusion rate constant and Ciq is
proportional to the boundary layer thickness.

The intra-particle diffusion model [28] was plotted in order to verify
the influence of mass transfer resistance on the binding of TZ to the
masau stone (Table 2 and Fig. 3). Thus, the intra-particle diffusion con-
stant, kiq (mg/g-min®?), can be obtained from the slope of the plot of g,
(uptake at any time, mg/g) versus the square root of time. If this plot
passes through the origin, then intra-particle diffusion is the rate con-
trolling step. Fig. 3 shows the plots of g, versus t*°, with multi-linearity
though, none of the plots passed through the origin (Ciq # 0), which im-
plies that the process involves more than one kinetic stage (or sorption
rate); external surface biosorption or the instantaneous biosorption
stage is not the main rate controlling step [28,29]. It can be seen from
Table 2 that the values of ki increase with the increase of initial dye con-
centration. This is due to the effect of potential force as a result of the
gradual change in concentration.

Co (mM) Pseudo first-order model Pseudo second-order model
Geexp (MMOI/g) Ge.cal (Mmol/g) ky (1/min) R? Ge.cal (Mmol/g) ka (g/mmol min) R

TZ 0.057 (mM) 0.010 0.011 7.0x 1074 0.988 0.014 0.048 0.988
0.102 (mM) 0.017 0.018 7.0x 1074 0.987 0.024 0.026 0.992
0.189 (mM) 0.031 0.031 10.0x 1073 0.970 0.036 0.032 0.978
0.313 (mM) 0.040 0.037 15.0x 1073 0.976 0.040 0.041 0.987
0.381 (mM) 0.050 0.047 120x 1073 0.985 0.056 0.022 0.991
0.601 (mM) 0.071 0.056 6.7x1073 0.902 0.061 0.139 0.937
0.861 (mM) 0.074 0.065 9.0x 1073 0.804 0.067 0.248 0.887
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Intra-particle diffusion model parameters for the different diffusion phases.

C, (mM) Intra-particle diffusion coefficients in mg/g- min®>
kg R? Kkaq R? ksa R?

TZ 0.057 (mM) 10x10"% 0944 30x10"% 0954 7.6x107° 0.979
0.102 (mM) 20x10~* 0981 50x10~% 0934 80x10"° 0.805
0.189 (mM) 6.0x10~% 0898 60x10~% 0952 40x10~* 0.741
0313 (mM) 7.0x10~% 0951 60x10~% 0972 20x10~% 0.790
0.381 (mM) 1.0x1073 0728 60x10"% 0981 50x10~* 0.997
0.601 (mM) 42x107% 0910 60x10~% 0844 60x10~% 0.998
0.861 (mM) 1.1x10° 0803 50x10~% 0865 1.0x10~% 1.000

3.3. Biosorption isotherm at various temperatures

Since the equilibrium isotherm is of vital importance to the adsorp-
tion system for the removal of dye from an aqueous solution, it is essen-
tial to establish the most suitable correlation for the equilibrium curves
[20,30]. In this study, three of the most commonly used models: Lang-
muir [31], Freundlich [32] and Redlich-Peterson [33], were employed
to describe the equilibrium isotherm of the dye removal experiment.
Linear forms of isotherm models are unable to provide a fundamental
understanding of the ion adsorption systems, resulting in improper con-
clusions. Therefore, non-linear regression in SigmaPlot11 was used to fit
the isotherm models to the experimental data at different solution tem-
peratures and the summary of the fits is presented in Table 3 and Fig. 4.
There was an initial increase in the amount of biosorbed dye per unit
mass of MS, but that amount later started following a plateau evolution
at higher solution concentrations. At 20 °C, the gmax value was measured

as 0.096 mmol/g; this is equivalent to approx. 51.3 mg/g. Also, it is found
that the tartrazine experimental data best fits both Langmuir and
Redlich-Peterson isotherms (R* = 0.986 and 0.985, respectively) with
the Redlich-Peterson constant value, 3, close to unity (0.835). This spec-
ifies a homogeneous surface binding and that the Redlich-Peterson iso-
therm is approaching the Langmuir form and not the Freundlich
isotherm [34]. It is also shown in Table 3 that, at 20 °C, the magnitude
of the Langmuir constant b was 6.460 dm>/mmol. The maximum
biosorption capacity 20 °C was found to be 0.096 mmol/g. The 1/n
value shown in Table 3 for the Freundlich model indicates that the
strength of the biosorption process is related to the distribution of ener-
gy sites. In real life, wastewater from different industries is discharged at
a wide range of temperatures based on the process that generates the
effluents. Accordingly, studying the effect of temperature on dye ad-
sorption is very crucial. The effect of temperature increase on the
biosorption isotherm equilibrium is presented in Table 3. Increasing
the temperature from 20 to 60 °C increased the values of the Langmuir
constants, b and gunax and Kr with a more pronounced increase in the
value of b. This reflects the endothermic nature of the biosorption of
TZ molecules on the surface of the MS. This increase in biosorption ca-
pacity at high temperature might be due to more available sites for
biosorption and strong interaction forces between the TZ dyes mole-
cules and the MS surface. On the other hand, a slight decrease in the
values of 1/n and the Redlich-Peterson constant value, 3, are found as
aresult of increasing the temperature. High temperatures seem to pro-
mote multilayer biosorption as the tartrazine experimental data best fits
both Freundlich and Redlich-Peterson isotherms (R?> = 0.996 for both).
A brief comparison of the ¢,,.x values obtained in this study to other ma-
terials is presented in Table 4 [19,22,35-37]. The biosorption capacity of
TZ onto masau stone is average among the materials listed. However,
the use of the masau biosorbent for anionic dye removal is very promis-
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where R is the universal gas constant (8.314 J/mol K). The term 55.55
Fig. 3. Intra-particle diffusion for TZ biosorption by MS. (mol/dm3) x b (dm3/mmol) x 1000 is dimensionless.
Table 3
The Langmuir, Freundlich and Redlich-Peterson parameters and correlation coefficients for tartrazine (TZ) dye biosorption onto masau stone (MS).
Model Parameters 20°C 30°C 45 °C 60 °C
Langmuir isotherm g, — GusjiCe Gmax 0.096 (51.3 mg/g) 0.115 (61.4 mg/g) 0.122 (65.1 mg/g) 0.126 (67.4 mg/g)
‘ b 6.460 6.609 8.237 12.70
R? 0.986 0.992 0.981 0.978
Freundlich isotherm q, = KzC, '/ K 0.105 0.138 0.151 0.159
1/n 0.556 0.505 0.454 0.401
R? 0.974 0.986 0.995 0.996
Redlich-Peterson isotherm g, = £ K 0.834 0.919 5.990 29.89
it ar 8.246 6.917 40.30 189.2
B 0.835 0.823 0.616 0.602
R? 0.985 0.993 0.994 0.996

Where: gmax (mmol/g); b (dm?/mmol); K¢ ((mmol/g) -

(mmol/dm>)"); n (dimensionless); Kz (dm>/g); ar (dm>/mmol); and 3 (dimensionless).
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Fig. 4. Equilibrium isotherm of TZ experiment data compared to equilibrium isotherm
correlations at 20 °C.

The above equation was used to find the slope and intercept which
represent the values of (AH®) and (AS°) respectively. Estimated ther-
modynamic parameters, change in enthalpy (AH®), change in free
Gibbs energy (AG’) and change in entropy (AS°) are presented in
Table 5. The endothermic nature of this system is confirmed by the pos-
itive value of AH®. Negative values of AG® and positive values of AS® and
AH? indicate that the biosorption process is spontaneous. Moreover, the
increase in temperature reduced the values of AG® which emphasize
the spontaneity of the biosorption process at a high temperature.
Upon increasing the temperature, the absolute values of AG® increased,
indicating that the biosorption also increased. This finding agrees with
the reported values of biosorption capacity at different temperatures
in Table 3. Additionally, it can be observed that the energies involved
in the process (= 13 kJ/mol) are within the range of the intermolecular
interactions characteristic binding energy of physical bonding: hydro-
gen bonding (4-13 kJ/mol) and electrostatic attractions (6-80 kj/mol).

3.5. FTIR and SEM analysis

The occurrence of moderately negatively charged groups in the
tartrazine structure, such as COOH, SOs, and OH allows the formation
of columbic forces, hydrogen bonds, covalent bonds or weak van der
Waals forces [38]. The FTIR, Fig. 5, shows a number of absorption
peaks suggesting complex properties of biosorption capabilities of
masau. The dominant peak at 3500/cm is attributed to both surface hy-
droxyl (OH) stretching of carboxylic groups and also stretching of amide
groups (—NH) [39]. These groups are significantly involved in the hy-
drogen bonds. The peak at 2950/cm is attributed to the alkyl group
(C—H) while the peak at 1750/cm is attributed to the carbonyl group
(C=0). A slight shift in the peaks within the alkyl group from 1743 to

Table 4

Comparison between various adsorbents for the removal of TZ.
Adsorbent (max (Mg/g) Reference
Hen feathers 64.1 [19]
Spirulina platensis 363.2 [22]
De-oiled soya 24.6 [35]
Bottom ash 12.6 [35]
Activated carbon 1213 [36]
Crosslinked chitosan-coated bentonite 294.1 [37]
Masau stone 51.3 (0.096 mmol/g) This study

Table 5
Thermodynamic parameters.
AH (kJ/mol) AS (J/mol K) AG (kJ/mol)
293K 303K 318K 333K
13.69 152.3 —31.15 —32.27 —34.46 —37.28

~1741/cm is attributed to biosorption of dye molecules. On the fresh
masau stone, the N—C=0 stretch peak occurs at 1650/cm, and is absent
after biosorption, suggesting that the amide group might have been
involved in the biosorption. The absorption at 870/cm may be related
to the C—H rocking vibrations of cellulose. A new peak appears at
1635/cm after biosorption. The peaks in the range of 950-1200/cm
may represent the C—O stretching group. The spectra also show that
some peaks in the range 455 to 555/cm that were present in the
masau prior to biosorption were not present after biosorption. Conse-
quently, the FTIR shows the availability of these different function
groups that will contribute to the biosorption of TZ. The FTIR also sug-
gests that all the intensities of the peaks are reduced due to the
biosorption of TZ on the surface and inside the pores of the biosorbent.
The mechanisms of TZ biosorption may be due to the positive charge of
the dye and the hydrophobic character of the TZ molecules. The SEM of
both fresh and TZ loaded masau are shown in Fig. 6. There is evidence to
suggest that the surface has been changed due to the biosorption of TZ.
It is also shown that the biosorbed TZ tends to make the MS morphology
structures less defined.

4. Conclusion

In this investigation, detailed results were presented for biosorption
of tartrazine (TZ) from aqueous solutions using masau stone (MS). The
results showed that the removal of TZ onto MS fluctuates very little in
the pH range of 4-12 but decreases with pH value as pH exceeds 2.
The Langmuir isotherm model was found to fit well to the experimental
data as compared to other applied isotherm models. The maximum
biosorption capacity of TZ biosorbed was 0.126 mmol/g at 60 °C. The ki-
netic study showed that the pseudo-second order model is suitable for
describing the experimental data and that the external surface
biosorption stage is not the main rate controlling step and film diffusion
might be implicated in the sorption process.

1.6
Fresh MS biosorbent
1.4 - TZ loaded MS N
= 2\
1.2 ) \\ ' f‘ 11 "
£ / [ R L
/ \ ,\ 'l ~ I'U Vi IJ
8 e [
€ 1.0- / x My \
b / . I L
§oaf“-’/ S~/ (W
30
0.6 1
0.4 M
0.2 T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber 1/em

Fig. 5. FTIR Spectra of fresh and loaded MS.
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