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Adsorption of penicillin by decaffeinated tea waste
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Removal of penicillin has been investigated using decaffeinated tea waste (DCTW). Decaffeination of tea waste 
was investigated using different methods. Results indicate that ozonation was the most effective process for removal 
of penicillin. Batch adsorption experiments were completed at various temperatures (20, 30, and 40°C), DCTW 
dosages (2, 4, 6, 8, and 10 g per 250 mL), penicillin concentrations (4, 10, and 14 mg/L), and pH (3, 7, and 10) 
conditions. Studies showed that adsorption reaches equilibrium within 40 min. The main factor affecting adsorption 
of penicillin was the solution pH, with maximum adsorption occurring at pH 3. Higher adsorbent dosages and 
lower penicillin concentrations also resulted in higher percentages of penicillin removal. Results show that data 
obeyed the pseudo-fi rst-order kinetic and Freundlich isotherm models. This process proves that low-cost DCTW 
could be used as a high performance adsorbent for removing penicillin from aqueous solutions. 
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INTRODUCTION

 Water is a precious environmental resource because it 
is used by nearly all living organisms; therefore, pollu-
tion of water resources may be a serious problem in all 
parts of the world. The pharmaceutical industry produces 
compounds that are toxic at trace concentrations if 
released to the environment in water or soil. Antibiot-
ics are a sub-category of pharmaceuticals that may be 
released to the environment1. Methods for removing 
antibiotics from water or soil are being actively investi-
gated; methods include coagulation & GAC fi ltration2, 
biodegradation3, biosorption4, and adsorption5, among 
others. Adsorption is a simple and economic method 
for removal of trace-level pollutants6. In recent years, 
adsorption onto effective and less expensive adsorbents 
has received more attention. If biomass is used as the 
adsorbent (i.e., bioadsorbent), the process is termed as 
bioadsorption. A desirable adsorbent would be natural, 
organic and abundant as a waste product from another 
process7. Many bioadsorbents such as bacteria, algae, 
yeasts, and fungi8, chicken feathers9, chitosan, and peat10 
are used to remove organic and inorganic contaminants 
from aqueous solutions. Tea is a natural ingredient for 
popular drinks, worldwide; therefore, many tons of 
tea wastes are produced each year. Previous research 
demonstrated the capacity of tea wastes to adsorb pol-
lutants, such as dyes11, 12 and heavy metals13, 14, from 
aqueous solutions. 

The purpose of this research is to study the removal of 
penicillin (PC) from aqueous solutions using decaffeina-
ted tea waste (DCTW). This is studied by fi rst removing 
caffeine from tea leave wastes to create DCTW, then 
investigating the use of DCTW as an adsorbent.

EXPERIMENTAL

Material
Tea waste was provided from commercial black tea of 

Lahijan, Iran. Caffeine, HCl, and NaOH were purcha-
sed from Merck, CNTs were purchased from Research 
Institute of Petroleum Industry (RIPI) of Iran, and 
penicillin was obtained from Kimidaro Company, Iran. 

Other analytical grade chemicals used in the experiment 
were obtained from various chemical suppliers.

Preparation of tea waste
In this study, DCTW was used as a bioadsorbent for 

removal of PC from aqueous solutions. Initially, samples 
of tea waste were washed several times with hot (90°C) 
water to remove of color and soluble components. 

Because of overlapping of caffeine with PC peaks in 
the UV region, it is necessary to remove caffeine from 
the tea waste. Methods for removal of caffeine from tea 
waste were investigated, including ozonation (fl ow = 5 
L/min), ultrasonic (frequency = 20 Hz), UV radiation 
(30 watt), and adsorption onto SWCNTs (200 mg/L), 
MWCNTs (200 mg/L), SWCNTs-COOH (200 mg/L) and 
MWCNTs-COOH (200 mg/L). By comparing the results 
of decaffeination of tea, ozonation was found to be the 
most effective method. After drying of DCTW in 100°C 
for 1 hour, it was ground and stored in a dry place.

Methods
Adsorption experiments were done in a 250 mL Erlen-

meyer fl ask on a stirrer. A solution with PC concentration 
of 5000 mg/L was prepared in distilled water. Generally, 
2 g of DCWT were used with 10 mg/L of PC, and HCl 
and NaOH were used to adjust pH of the solution. The 
effects of parameters such as pH (3, 7, 10), contact time, 
PC concentration (4, 10, 14 mg/L), DCTW dosage (2, 
4, 6, 8, 10 g/250 mL) and temperature (20, 30, 40°C) 
were studied. 

Analytical methods
All of the experiments were done on a magnetic stirrer 

for a period of 40 min. Samples were withdrawn every 
5 min, then fi ltered using fi lter paper. The remaining 
PC concentration could be analyzed using a UV-Vis 
spectrophotometer (HACH-DR5000) at maximum wa-
velength of PC (λmax = 255 nm). qe, qt, and % Removal 
were obtained using the following equations:

 (1)

 (2)
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 (3)

RESULTS AND DISCUSSION

Decaffeination of tea waste leaves
Different physical and chemical methods (adsorption 

onto CNTs, O3, ultrasonic, UV) were investigated for 
their capacity to remove caffeine from tea waste. A so-
lution containing 10 mg/L of caffeine was prepared 
and % removal of caffeine was analyzed by different 
methods (Fig. 1).

40 min of contact time. Because additional adsorption 
did not occur after 40 min, all experiments were carried 
out for 40 min.

DCTW dosage
Figure 3 shows the effect of DCTW dosage on removal 

of PC at pH of 6.5. Percent removal of PC was incre-
ased by increasing the DCTW dosage because higher 
adsorbent concentration resulted in a greater number 
of adsorbent particles, surface area of adsorbent and 
greater availability of adsorption sites15–16.

Figure 1. Comparative study of decaffeination of tea 
waste

Figure 2. Effect of contact time on removal of PC by 
DCTW [PC]0 = 10 mg/L; [DCTW] 0 = 2 g/ 
250 mL; pH = 6.5; T = 25°C

Figure 3. Effect of DCTW dosage on removal of PC by 
DCTW [PC] 0 = 10 mg/L; pH = 6.5; T = 25°C

Figure 4. Effect of pH on removal of PC by DCTW [PC] 
0 = 10 mg/L; [DCTW] 0 = 2 g/250 mL; T = 
25oC

Nearly 100% of the caffeine was removed by ozonation 
and CNTs after 30 min (shown in Fig. 1). Because the 
by-product of ozonation is O2, ozonation is selected as 
a preferred method for removal of caffeine from tea 
waste. After decaffeination of tea waste by ozonation, 
it was ground and dried in an oven for an hour. Then 
used as a bioadsorbent for removal of PC.

Adsorption of PC onto DCTW
Removal of PC by DCTW was evaluated at various 

contact times, pH values, concentrations of PC, dosages 
of DCWT, and temperatures.

Effect of contact time
To study the effect of contact time for adsorption of 

PC onto DCTW, experimental was carried out  using 
250 mL of PC at a concentration of 10 mg/L, and 2 g of 
DCTW at pH of 6.5 for 110 min. As shown in Figure 2, 
rapid adsorption was observed at the beginning of the 
experiment until adsorption equilibrium was reached at 

pH of solution 
One of the main factors affecting the adsorption process 

is pH; therefore, adsorption studies were down at pH 
values of 3, 7, and 10 (illustrated in Fig. 4). It is clear 
that when pH increases from 3 to 10, the % removal 
decreases from 39.30 to 30.11. Whereas, the pHzpc of tea 
is around 4.217 and the pKa of PC is 2.8, the maximum 
adsorption of PC was observed at lower pHs. In fact at 
pH <4.2, the surface of adsorbent became positive and 
there were few repulsions between PC and DCTW. By 
increasing the pH, the surface charge on the adsorbent 
and PC became negative and repulsion increased. In 
summary, adsorption decreased by increasing pH.
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PC concentration
Figure 5 shows the effect of PC concentration, whereby, 

increases in the PC concentration are due to decreases 
of PC adsorption onto DCTW. However, by increasing 
the adsorbate, available sites for adsorption become 
fewer, hence, the adsorption decreased18.

Isotherms equations
A variety of isotherm equations can be used to explain 

experimental sorption data. In this paper, Langmuir, 
Freundlich, and Temkin models were used to depict the 
relation of adsorbed PC and the corresponding equili-
brium concentration.

The isotherm parameters were evaluated by non-linear 
trial-and-error method using polymath 6.10 software with 
results shown in Table 1. All models were assumed to 
be non-linear to minimize the error of variance. The 
parameters of models (R2, R2

adj, S2, Rmsd), were shown at 
95% of confi dence interval in Table 1. If the correlation 
coeffi cient value was close to 1 and R2

adj, the regression 
model was considered correct. The results of Langmuir, 
Freundlich, and Temkin models are shown in Figure 7.

Table 1. Isotherm parameters and error deviation data for PC adsorption onto DCTW

Figure 5. Effect of PC concentration on removal of PC 
by DCTW [DCTW] 0 = 2 g/250 mL; pH = 
6.5; T = 25oC

Figure 6. Effect of temperature on removal of PC by 
DCTW [PC]0 = 10 mg/L ; [DCTW] 0 = 2 g/ 
250 mL; pH = 6.5

Figure 7. Comparison of Lngmuier, Frundlich and Temkin 
isotherm models for removal of PC by DCTW

Temperature
Adsorption of PC onto DCTW was investigated at 

various temperatures to study the effect of temperature. 
The effi ciency of adsorption decreased with temperature 
(Fig. 6), because at higher temperatures, the mobility of 
molecules increased and desorption was occurred19–20.

The Langmuir isotherm
One of the simplest and most widely used isotherms 

is the Langmuir isotherm. This isotherm assumes that 
the surface of the sorbent is completely uniform. The 
Langmuir equation can be described as follows:

 (4)

Here, qe is the amount of adsorbate at equilibrium 
(mg/g), Ce is equilibrium concentration of solute (mg/L), 
qm is the maximum adsorption capacity (mg/g) and KL 
is the Langmuir adsorption constant (L/mg). Affi nity 
between PC and DCTW was obtained using a dimen-
sionless separation factor, RL [21] which indicates the 
nature of adsorption, such that unfavorable adsorption 
is when RL > 1, linear adsorption is when RL = 1, and 
favorable adsorption is when 0 < RL < 1, and irreversible 
adsorption is when RL = 0.

It can be seen from Table 1, that the R2 value (R2 = 
0.9750) is not enough close to 1 and, therefore, the Lang-
muir isotherm model is not able to fi t the sorption data.
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k2 (g/mg min) are the pseudo-first- and -second-order 
constants, respectively. All parameters of the models were 
obtained at 95% confi dence using polymath 6.10 software 
and results are shown in Table 2. Figure 8 shows the 
experimental data and results of the two kinetic models.

It can be concluded that the pseudo-fi rst order model, 
with an R2 of 0.9916, provided a better fi t with to the 
data than the pseudo-second order model.  

The Freundlich isotherm
The Freundlich isotherm model can be applied to 

describe nonideal sorption on heterogeneous surfaces22. 
Freundlich isotherms are represented by equation 5:

 (5)

Where, Ce (mg/L) is the concentration of solute at 
equilibrium, qe (mg/g) is the amount of equilibrium 
adsorbed of solute, KF [L/g] and n are the Freundlich  
constants indicating adsorption capacity and intensity, 
respective  ly, and 1/n is a constant (dimensionless) that 
refers to the adsorption intensity or the factors that 
describes reversible adsorption23. If n = 1, this indicates 
that the partition of two phases are independent of con-
centration and the adsorption isotherm can be reduced 
to a linear form. If 1<n<10, this indicates a favorable 
sorption process24.

Table 1 shows that the value of 1/n = 0.392 (n = 2.553), 
which indicates that adsorption of PC onto DCTW is 
favorable. The higher R2 value (R2 = 0.9886) for this 
isotherm also confi rms that the adsorption of PC onto 
DCTW is fi t well with the Freundlich isotherm model.

The Temkin isotherm 
The Temkin isotherm assumes that the adsorption heat 

of all molecules in the layer would decrease linearly 
rather than logarithmically with coverage24. The model 
is expressed by the following equation25:  

 (6)

Where, KT is the Temkin equilibrium binding constant 
(L/g), b is Temkin constant, R is the ideal gas constant 
(8.314J/mol/K), T is temperature in Kelvin (298K) and 
B is a constant related to heat of sorption (J/mol). 
Temkin parameters were estimated as KT = 4.3847 L/g, 
B = 10.2185 J/mol, with an R2 = 0.9813. The estimated 
value for B confi rms that there is a physical adsorption 
process24.

Adsorption kinetic
In this study, two kinetic models were examined to 

determine the kinetic adsorption of PC onto DCTW, 
pseudo- fi rst- and -second-order kinetic models17.

Forms of these two models are present in following 
equations, respectively;

 (7)

 (8)

Here, qt is amount of adsorbed PC onto DCTW (mg/g) 
at contact time t and qe is amount of adsorbed PC onto 
DCTW (mg/g) at equilibrium time and k1 (min–1) and 

Table 2. Kinetic parameters and error deviation data for PC adsorption onto DCTW

Figure 8. Comparison of kinetic models for removal of 
PC by DCTW 

CONCLUSION

Green tea is largely consumed around the globe and 
is considered the second most popular beverage in the 
world after water. Hence, the utilization of such waste 
is most desirable. Therefore, the use of spent tea waste 
an abundantly available solid waste be economically and 
technically feasible. In this paper, removal of PC onto 
DCTW from aqueous solutions was studied. Based on 
the results obtained, DCTW appears to be an effective 
bioadsorbent for removal of PC from aqueous solu-
tions. Adsorption of DCTW onto PC was fi tted using a 
Freundlich isotherm and followed by a pseudo-fi rst-order 
kinetic model. The amount of PC adsorbed varied with 
contact time, pH, and concentration of PC, tempera-
ture, and DCTW dosage. The maximum adsorption of 
PC by DCTW occurred at a pH of 3 and adsorption 
reached equilibrium after 40 min of contact time. So, 
it is recommended to use of tea waste as a cheap and 
environmentally friendly adsorbent in removal of organic 
pollutants from aqueous solutions.
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