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ABSTRACT: Theadsorption properties and mechanics of selected endocrine disrupting compounds; 17 -estradiol,
17 o — ethinylestradiol and bisphenol A on locally available black tea leaves waste and granular activated carbon were
investigated. The results obtained indicated that the kinetics of adsorption were pH, adsorbent dose, contact time and
temperature dependent with equilibrium being reached at 20 to 40 minutes for tealeaves waste and 40 to 60 minutesfor
granular activated compound. Maximum adsorption capacities of 3.46, 2.44 and 18.35 mg/g were achieved for tealeaves
waste compared to granular activated compound capacities of 4.01, 2.97 and 16.26 mg/g for 17 - estradiol, 17 a-
ethinylestradiol and bisphenol A respectively. Tea leaves waste adsorption followed pseudo-first order kinetics while
granular activated compound fitted better to the pseudo-second order kinetic model. The experimental isotherm datafor
both tea leaves waste and granular activated compound showed a good fit to the Langmuir, Freundlich and Temkin
isotherm models with the Langmuir model showing the best fit. The thermodynamic and kinetic datafor the adsorption
indicated that the adsorption process for tealeaves waste was predominantly by physical adsorption while the granular
activated compound adsorption was more chemical in nature. The results have demonstrated the potential of waste tea
leaves for the adsorptive removal of endocrine disrupting compounds from water.

K eywords. Adsorption isotherms, Bisphenol A (BPA), Endocrine disrupting compounds (EDCs), Granular activated
compound (GAC), Kinetics, Tea leaveswaste (TL,,), Thermodynamics, 17 a-ethinylestradiol (EE2), 17 a- estradiol (E2)

INTRODUCTION

Endocrine Disrupting Compounds (EDCs) are
among the pollutants of great concern that have been
detected in surface waters, wastewater, run-off and
landfill leachatesin recent times (Koplin et al., 2002;
Bennotti et al., 2008; Yoon et al., 2010; Ifelebuegu,
2011). EDCs are predominantly discharged into the
environment via domestic and industrial wastewater
treatment plants before reaching the receiving bodies
(Gultekin and Ince, 2007; Liu et al., 2009b). Among
the EDCs, 17 B- estradiol (E2), 17 a-ethinylestradiol
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(EE2) and bisphenol A (BPA) are frequently detected
in wastewater around the globe. E2 is a natural
occurring steroid hormone excreted by humans. EE2
is mainly used as an oral contraceptive (Sun et al.,
2010). BPA ismainly used in the plastic industry as a
monomer for the production of polycarbonate and
epoxy resins. These chemicals elicit adverse effects
on the endocrine systems in humans and wildlife
leading to developmental defects and inhibition of
embryos (Helland, 2006; Koh et al., 2008; Chang et
al., 2009a, 2009b; Caseset al., 2011). Human exposure
to these EDCsin the environment are of great concern
because of their potential long term impacts on humans
(Liuetal., 2009a).

The adsorption process is a widely studied and
utilised intheremoval of EDCsfrom aqueous solutions
by use of adsorbent materials such as activated
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carbon. The removal process often involve
hydrophobic interaction (Koh et al., 2008). The use
of Granular activated carbon (GAC) adsorption for
the removal of both synthetic and naturally occurring
organic pollutants from water and wastewater has
been extensively studied (Zhang and Zhou, 2008).
They have been proven to be effective for the removal
of EDCs ( Zhang and Zhou, 2005; Ifelebuegu et al.,
2006; Ifelebuegu, 2012). However, therelatively high
cost of GAC has prevented its more widely used
application especially in devel oping countriesfor the
effective removal of EDCsin water and wastewater.
Thereistherefore agrowing need for cheaper, reliable,
effective and environmental friendly alternatives for
the removal of organic contaminants in water and
wastewater (Park et al., 2014). The use of spent black
tealeaves (TL ) isone of such alternative that is not
only cheap and readily available but also
environmentally relevant as it recycles waste
products. With an annual black tea leaves
consumption of more than 2 million tonnes globally,
the use of TL, could be an effective and
environmentally friendly alternative to the more

expensive activated carbon. The current work
comparesthe removal efficiency of TL , to that of the
GAC for theremoval of E2, EE2 and BPA (chemical
structures are represented in Fig. 1) from agueous
solution.

MATERIALSAND METHODS
Materials

Analytical grade methanol, sodium hydroxide
(NaOH) and ortho-phosphoric acid were purchased from
Fisher Scientific (UK), E2; EE2 and BPA standardswere
obtained from Sigma-Aldrich (UK). The GAC (20-40
mesh), was purchased from Jacobi Carbon (Merseyside,
UK). The GAC has been previously characterised
(Ifelebuegu, 2012). Deionised water (D1) was used for
all sample preparation unless otherwise stated. A
readily available box of black tea(~750 g) was obtained
from alocal supermarket. Stock solutions (~1 g/L) of
E2, EE2 and BPA, were prepared in 100% methanol and
serial dilution carried out to attain the calibration curve.
The standards were stored in the fridge <4°C until
needed. Analysis was done using external calibration
with a concentration range of 0.5 — 2 mg/L.

17 B- Estradiol
I
HO (|2
CHs

Bisphenol A

17 a-Ethinyl Estradiol

OH

Fig. 1: Chemical structure of the test chemicals: 17 b-estradiol [(E2), mol. wt. = 272.3 g/mol], 17 a-ethinyl-
estradiol [(EE2), mol. wt. = 296.2 g/mol] and Bisphenol A [(BPA), mol. wt. = 228.1 g/moal]
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Tea Adsorbent Preparation

Teabagswere prepared for the experimentsusing a
method developed by Yoshita et al., (2009). The tea
bags were drenched and washed severally in hot water
(about 80-100°C) to remove col ouring compounds and
turbidity. They were washed continuously with
deionised water until a clear solution was obtained.
Theteasamples(TL ,) were then dried in an oven at
-80°C for 24 hours. The leaves were finally pulverized,
passed through a 600 um sieve and stored in clean air
tight bottles.

Batch Adsorption Experiments

0.1g,0.2g,0.40,0.8g, and 1 g of the different
adsorbents were weighed into different labelled 250
mL conical flasks. 200 mL of 2 mg/l solutions of E2,
EE2, and BPA wasthen transferred into conical flasks.
The flasks were then shaken at a speed of 7 rpm.
Aliquotsof the sampleswere collected at different time
intervals (0 to 60 mins) and filtered using a Whatman
filter paper. The absorbent coefficient was determined
using equation 1:

C,-C,(mg/L)

mg XV (mL)

g, (mg/g) = (1)

where: g, = adsorption equilibriuminmg/g

C, and C_ = initial and equilibrium concentration
respectively (mg/L)

m = mass of adsorbent (g)

V = volume of agueous solution (mL)

The adsorption efficiency for the different compounds
was also calculated using the equation 2:

0

C:O

@

Percent removal (%) =—=— x 100%
Where C_ = initia concentration (mg/L)
C, = concentration at equilibrium (mg/L)

Effectsof pH

The effects of pH on the adsorption of E2, EE2,
and BPA using TL,, were investigated in batch
adsorption experiments at varying pHs of 3, 5, 7, 8
and 9, with other variables kept constant at 2 mg/l
concentrations of E2, EE2 and BPA, in 200 mL
volumetric flasks, temperature of 25°C+2°Cand 0.4
g adsorbent doseof TL,,. The pH valueswere adjusted
with 0.1 N NaOH and concentrated HCI solutionsand
measured using apH meter. Sampleswere agitated at
a constant speed of 200 rpm and aliquots withdrawn
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for analysis after 60 minutes of agitation (Zhang and
Zhou, 2005).

Adsorption Kinetics and Thermodynamics

The initial experiments on the effect of adsorbent
dose on adsorption, found 0.4g as the optimum dose
per unit gram of the adsorbates. This weight was
maintained in carrying out the investigations on the
kinetic and thermodynamic of adsorption of E2, EE2
and BPA onto TL , and GAC. 0.4g of TL , and GAC
adsorbents were weighed into 250 mL conical flasks
and prepared solutions of E2, EE2, and BPA at 2 mg/
L concentration added. The samples were agitated
at a speed of 200 rpm under different controlled
temperatures of 15°C, 20°C, 25°C, 30°C +0.2. Aliquots
of the treated water were withdrawn at intervals
ranging from 0 min to 60 min for analysis.
Experimental datawas analysed using the Langmuir,
Freundlich and Temkin models as have been
previously described (Ifelebuegu, 2012; Ghaedi et
al., 2014).

Analytical Methods

Samples were analyzed using a high-performance
liquid chromatography (HPLC) fitted with a
fluorescence detector. The HPLC system (Hewlett
Packard series 1050) consisted of Quaternary pump
(model 79852A -United Kingdom), a 21 vial
autosampler (model 79855A, Germany) and the data
were analysed using Agilent ChemStation® software.
Chromatographic separation was achieved using a
C18 ODS-Hypersil analytical column (150 x 4.6mm,
5um) maintained at 30°C temperature. Details of the
analytical procedures have been previously described
by Ifelebuegu et al., (2010).

RESULTSAND DISCUSSION
Effect of pH

pH has been known to influence the surface charges
on different adsorbent materials, as well as the
ionisation of chemicals (Zhang and Zhou, 2005). The
adsorbent efficiency was studied at pHs 3, 5, 7, 8 and
9, covering acidic, neutral and basic medium
conditions. Percentage removal using TL , was found
to be higher in the acidic and neutral pH ranges, but
wasfound to decrease withanincreasein pH (Fig. 2).
Huang et al., (2007) also found pH to play asignificant
role in the process of adsorption. E2, EE2 and BPA
adsorption was found to be significantly lower at
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Fig. 2: Effect of pH on adsorption

higher pH (pH > 8) than at lower pH. Similar trends
were observed by Kouras et al., (1995) and Zhang
and Zhou, (2005) using powdered activated carbon.
Thistrend could be due to the electrostatic repulsion
which exist between the adsorbate molecules and the
surface of the adsorbent, asthe pH increased. (Cuerda-
Correaet al., 2010; Ifelebuegu, 2012). Theeffectsof pH
on the adsorption by the GAC used in this research has
been previoudy reported (Ifel ebuegu, 2012) andasimilar
trend was observed with the highest adsorption at the
neutral to dightly acidic pHs.

Effect of Adsorbent Dose and Contact Time

The rate of adsorption was found to increase with
increase in the dose of the adsorbentsfrom 0.1 g to
1.0 ginthenominal concentration of 2 mg/L for each
of thetest chemicals. Theincreaseislikely asaresult
of the availability of more sorption sites for
adsorption as have been previously reported (Yoon
etal., 2003; Cardoso et al., 2011). Also, theincrease
was found to be gradual until equilibrium was
attained. The highest dose of 1 g GAC was able to
achieveremoval of 96.98% for E2, 97.05% for EE2
and 96.21% for BPA while TL , attained removal of
95.75%, 95.25% and 96.19% for E2, EE2 and BPA
respectively (Fig. 3). It can also be seen that TL
attained relative equilibrium within 20 to 40 minutes
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for all the adsorbates. Comparatively, GAC took more
time to attain equilibrium, with all three adsorbates
reaching equilibrium at 40 to 60 minutes.

Adsorption Kinetic and Isotherm
Pseudo First and Second Order Kinetics

In this study, the mechanism of adsorption was
investigated by using various kinetic models based on
agueous phase concentrations of the adsorbates.
Pseudo-first and second-order models as proposed by
Lagergren, (1898) were used intheinvestigation, which
are expressed as.

dqg
o = k(e -a) €)

- k(ge-ay @
Wheret isthe contact time (min), k, = pseudo-first-
order adsorption rate constant (1/min), g, and garethe
amount of the adsorbate at equilibrium and timet (mg/
0) respectively. Equations 3 and 4 can be expressed in
anintegral form as egquations 5 and 6 respectively.

InCIC, = -kt ©)
11 ]
G icy = ©

Pseudo first order plot of In C/C against t should
give alinear relationship fromwhich k;in (1/min) can
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Fig. 3: Effect of adsorbent dose (GAC and TL,) and contact time on the removal efficiency of E2, EE2 and BPA at pH 5

be calculated from the slope obtained from the graph.
Aplotof 1/[C] - 1/[C ] against t will give arate constant
K, (L/mg/min) for pseudo-second-order adsorption
kinetics. Tables 1 and 2 depicts the results obtained
for the pseudo first-order and pseudo second-order
kinetic modelsfor TL , and GAC respectively.

The rate constant for the adsorption of E2 was
found to be highest in TL , with values of 0.0137 1/
min, then followed by EE2 0.0102 1/minand finally
0.0097 min for BPA (Table1). It wasfound to follow
thetrend E2> EE2> BPA. However, for GAC (Table
2), areversetrend (BPA>EE2>E?) was observed with
BPA having the highest rate constant (0.0253 1/min)
and E2 with the lowest 0.0149 1/min.

The adsorption of E2 EE2 and BPA onto TL , was
better described by the pseudo first order kinetics,
indicating a predominantly physical adsorption
mechanism, while the adsorption onto GAC showed
asuperior fit to pseudo-second-order kinetics which
suggests that chemisorption is the rate determining
step for adsorption onto GAC. (Ho and McK ay, 1998;
Ifelebuegu, 2012).
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Adsorption Isotherms Studies

Adsorption isotherms are usually employed to better
understand the adsorption process for the studied
adsorbates. Thishelpsin modelling design parameters
infull scale applications (Ifelebuegu et al., 2015) The
equilibrium data obtained for E2, EE2 and BPA for their
adsorption onto TL , and GAC was analysed using the
Langmuir, Freundlich and Temkin adsorptionisotherm
models.

The linear form of the Langmuir isotherm is
exoressed in equation 7 as:

11,11 -
XM b ab C.
where:

X — the mass of adsorbate (mg)
M — the mass of adsorbent (mg)
C, - the concentration of solute remaining at
equilibriuminmg/L

a, b — the constants. a is coefficient, and b is the
amount of adsorbate needed to form a complete
monolayer on the adsorbent surface and so increases
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Table 1: Pseudo first and second order kinetics for TL,,

Pseudo first order Second order
Adsorbate - - - > - - - >
Line equation K, (1/min) R Line equation K,(L/mg/min) R
E2 y = -0.0137x — 0.6265 0.0137 0.995 y = 0.0211x + 0.3161 0.0211 0.988
EE2 y = -0.0102x - 0.9245 0.0102 0.967 y = 0.0187x + 05949 0.0187 0.856
BPA y = -0.0097x - 09349 0.0097 0.987 y = 0.0168x + 0.7256 0.0168 0.928
Table 2: Pseudo first and second order kinetics for GAC
Adsorbate . .Pseudo first order . . . Second order -
Line equation K, (1/min) R? Line equation K,(L/mg/min) R?
E2 y = -0.0149x — 0.6729 0.0149 0.974 y = 0.0258x + 0.3112 0.0258 0.983
EE2 y = -0.0157x — 0.3481 0.0157 0.897 y = 0.0188x + 0.1167 0.0188 0.974
BPA y = -0.0253x - 0.1332 0.0253 0.959 y = 0.0372x + 0.2704 0.0372 0.951

with molecular size. A plot of (1/(X/M)) against (1/C)
gave astraight line.

The linearised form of the Freundlich isotherm is
expressed in equation 8:
log X/M =logk, + 1/nlog C,
where;

X = the mass of adsorbate (mg)

M = the mass of adsorbent (mg)
C, = the concentration of solute remaining at equilibrium
inmg/L

K, and n — constants derived from the adsorption
isotherm by plotting (X/M) against C_onlog-log paper
which produces a straight line with a slope 1/n while
the y-intercept is K,

The Temkin isotherm model isone which presumes
that as a result of sorbate-sorbate interactions, the
temperature of all moleculesinalayer declineslinearly
with coverage. The sorption is also described by
consistent distribution of binding energies (Shah et
al., 2012)

The linearised form of the Temkin isotherm is
expressed in equation 9 and 10 as:

®

g,=BInA_+BInCe ©)
withB =RT/b, 10
Where:

A = Temkinisothermequilibriumbinding constant (L/mg)

b, = Temkin isotherm constant

R = Universa gasconstant (8.314 Jmol/K)

B = Constant related to heat of adsorption (J/mal).
The Langmuir, Freundlich and Temkin coefficients

for single solute adsorption isotherms and their
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corresponding correlation coefficients are presented
in Table 3. The fitting of the adsorption isotherm data
for E2 EE2 and BPA showed relatively good fit to all
threeisotherm model with the Langmuir isotherm being
superior based on the highest correlation coefficients.
FromTable 3it canbeseenthat TL , had acomparative
adsorption capacity to GAC for E2, EE2 and BPA.
The Freundlich isotherm is an empirical equation
that assumes the adsorption processes take place on
heterogeneous surfaces and adsorption capacity is
related to the concentration of the test chemical (E2,
EE2 and BPA) at equilibrium. K_ (mg/g) and n provide
an indication of the adsorption capacity and the
adsorptionintensity respectively (Hameed, 2009). The
magnitude of the exponent 1/n gives an indication of
the favourability of adsorption with values of n>1
represents favourabl e adsorption conditions (Treybal,
1968; Ho and McK ay, 1998). With nvalues greater than
unity for all adsorbate, it demonstrates that the EDCs
areall favourably adsorbed onto TL, similar to GAC.
The mechanism for most EDCs on all adsorbents is
believed to be of adifferent nature, which may involve
non — specific molecular interactions between
adsorbent and adsorbate with focused explanation on
physical adsorption, hydrogen bonding and
coordination complexes (Sahaet al., 2010).

Effect of Temperature and Adsor ption Thermodynamics

Temperature was also found to play a significant
role in the adsorption thermodynamics of the two
adsorbent studied. The temperature effects were
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Table 3: Langmuir and Freundlich, Temkin isotherm parameters for TL,, and GAC at 298K

Compound Langmuir Freundlich Temkin
q,, (mg/g) K, (L/mg) R? K, 1/n R? A (L/mg) B R?

TL,

E2 3.4610 0.1490 0.9960 1.7640 0.3760 0.9500 1.7180 3.5350 0.9490

EE2 2.4420 0.1880 0.9930 3.7740 0.4780 0.9690 1.6700 3.0870 0.9780

BPA 18.3250 0.0390 0.9990 15.4240 0.1310 0.9440 1.9970 9.5260 0.9490
GAC

E2 4.0126 0.2000 0.9770 4.2510 0.4860 0.9560 1.8590 3.3920 0.9830

EE2 2.9740 0.2480 0.9760 3.6120 0.5540 0.9640 1.6970 3.0290 0.9870

BPA 16.2610 0.0930 0.9790 10.5490 0.2710 0.9250 1.9670 5.0650 0.9600

studied at 15, 20, 25 and 30°C. Sorption of two of the
test chemicals (E2 and EE2) exhibited an increase with
temperature (Fig. 4). This could be as a result of
decreased solution viscosity hence, a higher mass
transfer and diffusion rates of E2 and EE2 molecules.

Fig. 4 also showed that BPA showed increased
adsorption at lower temperatures. This decreased
adsorption capacity with increasing temperature for
BPA was also observed by Liu et al., (2009a) when
investigating BPA adsorption onto various forms of
activated carbon. Similarly, Park et al., (2014) when
studying BPA adsorption onto organo-clay, observed
that the val ue of the free energy became more negative
with a decrease in temperature indicating that BPA
adsorption was more favourable at lower temperatures.
To better understand the adsorptive properties and
temperature effects, the thermodynamic parameters
(Gibb’s free energy (AG®), enthalpy (AHP) and entropy
(AS)) were evaluated from equations 11 to 13:

(AG) =-RTINK,, D
(AGY) = (AHY) - T (AS) 12
13

RTINK = (AH%) - T (AS))

Where R is universal gas constant, T is the
temperaturein Kelvin (°K) and k, = (q/C,) = quantity
of adsorbate that adsorbed onto the adsorbent I/g.
The plot of Ink,vs 1/T gave astraight line with AH°
and AS°values obtained from the slope and intercept
of the graph respectively. The thermodynamic
parameters obtained from the graph are shownin Table
4. The negative values of AG°at - 27.68, - 24.03 and
-10.11 for E2, EE2 and BPA respectively for TL , and
-10.94 (E2),-11.83 (EE2) and -3.58 for GAC indicates
the feasibility and spontaneity of the adsorption
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process for both adsorbents. The negative values of
AG° compare favourably with the values reported by
Turku et al., (2009) for the adsorption of E2 onto
polymeric adsorbents and GAC. The enthalpy of
reaction for the adsorption of E2, EE2 and BPA onto
TL,, and BPA onto GAC are all negativeindicating the
physical nature of the adsorption process. Positive
enthal py values of 91 and 95 K J'mol were obtained for
E2 and EE2 respectively, for their adsorption onto GAC.
Positive values are not common, but similar positive
values have been reported previously by Turku et al.,
(2009); Liuetal., (2009a) and Ifelebuegu, (2012). Also
Al-Degset al., (2008) reported similar positive values
for the adsorption of dyes unto GAC. A positive
enthalpy values indicate a feasible but non
spontaneous endothermic reaction with predominantly
chemical interaction between the adsorbate and
adsorbent. A positive entropy change for both TL
and GAC (930339 Jmol and 2to 37 Jmol, respectively)
suggests an increased randomness at the solid/
solutioninterface. Thisalso correspondsto an increase
in the degree of freedom of the adsorbed species.

CONCLUSION

Waste tealeaves were effective in the adsorption of
E2, EE2 and BPA from aqueous solutions and showed
comparable adsorption capacity to GAC. Adsorption
capacity was highest at acidic to neutral pH with
equilibrium being reached at within 20 to 40 minutes
for TL,,. Maximum adsorption capacities for E2, EE2
and BPA, were 3.46, 2.44,18.35 mg/gfor TL,, and 4.01,
2.97 and 16.26 mg/g for GAC respectively. Thenegative
values of “G°at—27.68, - 24.03 and - 10.11 for E2, EE2
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Fig. 4: Effect of temperature on the adsorption and percentage removal
of E2, EE2 and BPA on GAC and TL, adsorbent at pH 7

Table 4: Enthalpy, entropy and gibbs free energy for TL, and GAC at 298K

TL,, GAC
Gibbs free energy Enthalpy Entropy Gibbs free energy Enthalpy Entropy
(kJ/mol) (kJ/mol) (J/mol) (kJ/mol) (kJ/mol) (J/mol)
E2 -27.68 £ 1.8 -22.70+ 5 92.81+ 4.5 -10.94+ 1.5 91.00 + 5.1 37.00 £6.2
EE2 -24.03 £ 2.8 -19.21+ 5 86.56 + 3.8 -11.83+ 2.4 95.00 £ 4.5 40.00 + 4.3
BPA -10.11 £ 0.5 -99.80+ 5 338.9 + 22.6 -3.58+ 0.5 -8.04 £ 15 11.99+ 2.0
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and BPA respectively for TL , and -10.94 (E2), -11.83
(EE2) and -3.58 for GAC indicated the feasibility and
spontaneity of the adsorption process for both
adsorbents. The enthal py of reaction for the adsorption
of E2, EE2and BPA onto TL , and BPA onto GAC areall
negative indicating the physical nature of the
adsorption process. Whilethe positive value of 91 and
95 KJ/mol for E2 and EE2 respectively for their
adsorption onto GAC indicate a feasible but non-
spontaneous endothermic reaction with predominantly
chemical interaction between the adsorbate and
adsorbent. A positive entropy change for both TL
and GAC (92.81t0338.9 Jmol for TL , and 1.99t0 37 J/
mol) suggests an increased randomness at the solid/
solution interface. Thisalso correspondsto anincrease
in the degree of freedom of the adsorbed species. The
adsorption equilibrium datafor both TL , and GAC were
fitted to the Langmuir, Freundlich and Temkin isotherm
models and the Langmuir isotherm model showed the
best fit for all the adsorbates. Waste tea leaves can,
therefore, be used as an economic alternative to GAC
for the adsorptive removal of EDCs from water and
wastewater.
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