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Treatment of Tea Industry Wastewater Using a
Combined Adsorption and Advanced Oxidation
Process
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Abstract—Tea, produced from the evergreen plant, Camellia
Sinensis, is the most widely consumed beverage in the world after
water. Although tea processing has now diversified into various
speciality end products such as instant, white, oolong, iced,
flavoured, and various blends, the most abundantly produced tea
product in the world is fermented black tea. Black tea production is
essentially a “dry” process, as no water is used at any of the
production process steps. However liquid waste is generated due to
the use of water for cleaning process equipment and factory premises.
The waste exits the factory as coloured liquid effluent that must be
treated before being discharged into rivers, lakes and other fresh
water bodies. This paper presents findings of a study carried out to
evaluate the performance of a combined adsorption and advanced
oxidation process in removing colour from tea industry wastewater.
The variables explored were the effects of sorbent mass, oxidant
dosage, solution pH, agitation rate and temperature, on the
decolouration of tea industry effluent. The results indicate that the
combined adsorption and advanced oxidation is most effective at pH
3 wherein the effluent colour was reduced from 478 Pt-Co colour
units to 8 Pt-Co colour units. The latter meets the NEMA
recommended limit for discharge of colored effluents.

Keywords—Tea industry effluent, Water pollution, Colour
removal, Adsorption, Advanced oxidation.

|. INTRODUCTION

HE problem of protecting the environment from pollution
and contamination by both the natural and human causes
is now in focus all over the world. In line with this global
focus, this paper presents a simple and efficient industrial
wastewater treatment process developed from a study carried

out on effluents from the tea industry. According to Maghanga
et al [1], effluents generated by tea factory is reddish-orange in
colour, and is also found to have substantial amounts of
organic and inorganic pollutants, and suspended solids. The
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colour of the effluent discharged from a tea factory is mainly
caused by two phenolic compounds, theaflavins (TFs) and
thearubigins (TRs), formed during the enzyme oxidation
stage, also known as fermentation stage of tea processing. A
number of techniques have been developed for the removal of
pollutants from industrial wastewaters, including coagulation
and flocculation [2], biological [3], [4], chemical [5],
electrochemical [6], membrane separation [7], advanced
oxidation processes (AOPs) [8], and adsorption [9]. These
techniques have been used with varying degrees of success
and shortcomings.

For example, it is observed that coagulation and flocculation
require considerable land area and a continual supply of
chemicals [10], hence operational costs are high; biological
techniques such as activated sludge require fungi such as
coriolus, aspergillus, phanerochaete® and certain bacterial
species such as bacillus, alkaligenes and lactobacillus [4],
which are highly sensitive to changes in operating conditions,
and hence are costly to control; electrochemical techniques
form metal hydroxide sludge from the metal electrodes, and
pH control must be incorporated resulting in higher costs, in
addition to the problem of metal hydroxide sludge disposal
[10]; membrane separation techniques incur high capital and
operational costs and are limited in application by the range of
the molecular weights of the compounds being targeted for
removal; advanced oxidation techniques are suitable for
destroying  dissolved organic contaminants, aromatic
compounds, phenols and pesticides [11], but the operational
costs of some AOPs such as ozonation, are considerably high.
As for adsorption, one of the main shortcomings is the
generation of sludge, the so-called secondary waste, and this
results in the need for frequently changing or regenerating the
adsorbent. However, recent studies show that the limitations
and/or shortcomings of some of the adsorption methods can be
remediated by making the right choice of adsorbent(s) [12]
and/or combining adsorption with one or more of the other
effluent treatment techniques to achieve the desired treatment
efficiency in a cost effective manner [13], and with reduced
environmental load.

The strategy of combining advanced oxidation with other
treatment techniques has gained considerable attention in
wastewater remediation [13]-[15]. In this study, the general
objective was to investigate the application of a combined
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advanced oxidation and adsorption process, with a view to
developing a novel technique for the treatment of tea
industry effluents prior to discharge into receiving water
bodies. The choice of adsorption is supported as being simple
in design and operation, and applicable to many situations
[12]; on the other hand, advanced oxidation has the advantage
of being effective in destroying dissolved organic matter [11],
[13]-[15]. Hence the application of a combined advanced
oxidation and adsorption in purifying tea industry wastewater
is potentially more effective than the individual processes; and
further, the synergy of the combined advanced oxidation and
adsorption process is a potential means of remediating the
shortcomings of the individual processes, including reducing
the quantity of secondary waste.

In this study, natural zeolite was used as the adsorbent, while
hydrogen peroxide was used as the oxidant. No application of
these materials in tea effluent treatment is reported in
literature.

Tea production has contributed significantly to the Kenyan
economy and it will continue to do so, as currently tea is the
leading cash crop in Kenya. Effluent generated by tea factories
is generally reddish-orange in colour, and originates mainly
from washing the process equipment and factory premises. If
discharged directly into rivers, lakes, and other surface water
bodies, such wastewater reduces the availability of light over
the water, thereby decreasing oxygenation of the water by
photosynthesis, hence disrupting the growth of aquatic plants
and micro-organisms; this subsequently adversely effects the
rest of the aquatic community that depends on these organisms
to survive. As industrial tea productivity has increased
nationally over the recent years, so has water usage, creating a
corresponding rise in wastewater quantities. Hence there is
need for increased focus on developing more efficient
techniques for the removal of pollutants such that the effluents
discharged from tea industries are within the National
Environmental Management Authority (NEMA) regulatory
limit for coloured effluent discharge into the environment.

MOTIVATION

I1l. MATERIALS AND METHODS

In the first set of experiments, the variables explored were
the effects of sorbent mass, oxidant dosage and solution pH on
decolourization of the tea industry effluent. Pre-weighed
amounts of the adsorbents ranging from 50 mg to 200 mg
were contacted with 40 mL of the tea industry wastewater
solutions contained in plastic sample bottles. The bottles were
placed in a thermostatic shaker operated at 200 rpm for 24 h.
At the end of this period the samples were removed from the
shaker, filtered and the filtrate analyzed for residual colour
concentration using a UV-visible spectrophotometer
(Shimadzu UVmini 1240). Further analysis to establish the
absolute colour units were done using Hach DR 4000.

Prior to this, the sorbent media was prepared using the
procedure described by Onyango et al [12], which is
summarized in Fig. 1.
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Fig. 1 Zeolite modification experimental process

The second sets of experiments carried out were Kinetic
experiments, and the variables explored were the effects of
agitation rate and temperature, on decolourization of the tea
industry effluent. These were carried out using a 1 L batch
continuous stirred tank reactor (CSTR) operated, initially, at a
stirring speed of 200 rpm. The adsorbent mass was fixed at 2.5
g, based on the optimal batch quantity of 50 mg in 40 mL
bottle, while the temperature was initially set at 18 °C. To
generate kinetic data, at time zero and at predetermined time
intervals thereafter, samples were withdrawn from the reactor
using a syringe. The samples were filtered and then analyzed
for colour concentration, in the manner already described.
These procedures were repeated with stirring speeds of 300
rpm and 400 rpm, and temperatures of 30 °C and 40 °C. The
set up for kinetic experiments was as shown in Fig. 2.
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T [Tea industry
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Fig. 2 Kinetic studies experimental process

Finally column experiments were carried out to study the
effects of sorbent mass and oxidant dosage on decolorization
of the tea effluent in a prototype flow situation. Perspex
columns of internal diameter 20 mm and 30 mm respectively
were used. Adsorbent bed heights were varied by using
varying amounts of the sorbent mass. The sorption media was
packed between glass wool while inert beads were placed at
the bottom and top ends of the column. Tea wastewater
solution was pumped vertically upward through the column to
avoid channeling. Samples were collected from the top of the
column at an interval ranging from 30 to 60 minutes, until the
colour concentration at the column effluent was nearly the
same as that of the influent. Both pre-oxidation and post-
oxidation were considered. Fig. 3 illustrates the column
studies experimental set up.
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Outlet TABLE 2
EFFECT OF OXIDANT DOSE ON DECOLOURIZATION
m— Sample Sample  Oxidant  Absorbance % Relative %Colour
Modified zeolite - No pH dose (ml) (Abs) Concentration ~ Removed
; Treated Wastewater 7.2 0 1.375 100 0
@ oxidant d woor ~ reservelr Distilled water 71 0 0.092 7 93
Petaltlc 45 7.2 0.1 0.798 64 36
Pump
46 7.2 0.2 0.593 48 52
Ten Industry 47 7.2 0.3 0.485 39 62
Wastewater 48 7.2 0.4 0.394 32 68
Fig.3 Column studies experimental set up TABLE 3
EFFECT OF pH ON DECOLOURIZATION
1V. RESULTS AND DISCUSSIONS Sample Sample Sorbent Abs % Relative %Colour
i i X No pH Mass(mg) Concentration ~ Removed
Results from this study are presented, in summary, in Takle
1 to Table 7. With respect to the effects of sorbent mass, Table \_N?Stewater 2 0 1.366 100 0
1 shows that by progressively increasing the adsorbent mass, ~Pistilled water 71 0 0.079 6 94
the absorbance correspondingly reduced, implying a reduction 34 11.0 50 1241 86 14
in colour concentration. Thus the decolourization of 33 9.0 50 0.977 68 32
wastewater, expressed here as percent decolourizatiion, 35 6.0 50 0.940 65 35
increased with corresponding increase of adsorbent mass. This 36 3.0 50 0.365 26 74
observation is due to the fact that active sites available et
sorption of colour compounds are proportional to the TABLE 4
adsorbent mass. EFFECT OF TEMPERATURE ON DECOLOURIZATION
The same trend similarly applies to the effect of oxidant Sample Sample Sorbent Abs % Relative % Colour
dose, as shown in Table 2. In the case of oxidant dose, the Temp°C pH mass (mg) Concentration  Removed
decolourization efficiency increased with the increase in the 18 7.2 50 0.844 68 32
volume of oxidant dose. The advanced oxidation step was 30 72 50 0.510 4l 59
incorporated in this study primarily to effect the breaking 40 72 50 0325 26 74
down of the aromatic organic chains of theaflavins and 18 79 100 0.540 44 56
thearubigins into simpler forms, to ease their subsequent 3o 7.2 100 0.436 35 65
adsorption. It can therefore be concluded that the oxidant was 40 7.2 100 0.241 19 81
successful in breaking down the aromatic chains, and further
that excess or higher volumes of the oxidant enhanced the 18 2 150 0.532 43 57
reaction rates. 30 7.2 150 0.410 33 67
The effect of pH on decolourization is given in Table 3, 40 72 150 0228 18 82
from which it is observed that the highest decolourization 18 79 200 0.235 19 81
efficiency is achieved at the lowest pH, in this case pH 3. 30 7.2 200 0.212 17 83
This observation can be explained in terms of adsorbate and 40 7.2 200 0.189 15 85
adsorbent surface properties. The surface of SMZ is positively
charged; hence if the decolourization efficiency at pH 3 is TABLE 5

higher than that at PH 11, then changing the wastewater pH EFFECT OF AGITATION SPEED ON DECOLOURIZATION

ffects th t surf h Agitation Sample Sorbent Abs % Relative % Colour
a e(f S the net surface charge. Speed pH mass Concentration Removed
With respect to both the effect of temperature and the effect  (pm.) (mg)
of agitation speed, shown in Table 4 and Table 5 respectively, 200 7.2 50 0.844 68 32
the increased decolourization efficiencies at higher 300 7.2 50 0.821 66 34
temperatures and higher agitation speeds can be attributed to 400 7.2 50 0.790 64 36
increased motion of the molecules at higher temperatures and
higher turbulence. 200 7.2 100 0.540 44 56
TABLE 1 300 7.2 100 0.535 43 57
EFFECT OF SORBENT MASS ON DECOLOURIZATION 400 72 100 0.507 1 59
Sample Sample Sorbent Abs % Relative %Colour
No pH mass(mg) Concentration ~ Removed 200 7.2 150 0.532 43 57
Wastewater 7.2 0 1.365 100 0 300 7.2 150 0.510 41 59
Wastewater 31 0 0.984 69 31 400 7.2 150 0.499 40 60
49 7.2 50 0.859 59 41
50 792 100 0.843 55 45 200 7.2 200 0.235 19 81
51 72 150 0541 38 62 300 7.2 200 0.232 19 81
52 79 200 0.242 17 83 400 7.2 200 0.224 18 82
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Table 6 and Table 7 show results for the effect of the
combined adsorption and advanced oxidation on
decolourization, respectively for batch studies and for column
studies. Sorbent masses of 50 mg, 100 mg, 150 mg, and 200
mg were separately combined with oxidant dose of 0.1 ml.
Batch tests done earlier had shown that 50 mg sorbent mass
alone achieved decolourization efficiency of 41 % (Table 1),
while 0.1 ml oxidant alone achieved decolourization of 36 %
(Table 2). Now with the combined 50 mg adsorbent with 0.1
ml oxidant (Table 6), a decolourization efficiency of 64 % has
been achieved, demonstrating that the combined adsorption
and advanced oxidation process is more effective in purifying
tea industry wastewater than the individual processes. This
performance is replicated for 100 mg, 150 mg, and 200 mg,
with 0.1 ml oxidant (Table 6) in comparison with that for
individual adsorbents (Table 1).

TABLE 6
EFFECT OF COMBINED ADSORPTION AND ADVANCED OXIDATION
ON DECOLOURIZATION

Sample Sorbent Oxidant  Abs % Relative %

No mass(mg)  dose(ml) Concentration Colour
Removed

Wastewater 0 0 1.286 97 3

Distilled water 0 0 0.045 4 96

53 50 0.1 0.441 36 64

54 100 0.1 0.301 25 75

55 150 0.1 0.217 18 82

56 200 0.1 0.151 12 88

With respect to Table 7, the effect of the combined
adsorption and advanced oxidation on decolourization in
column flow studies was investigated at pH 3, the optimal pH.
Both pre oxidation (that is, oxidation followed by adsorption)
and post oxidation (adsorption followed by oxidation) were
evaluated. The results indicate that post oxidation was the
more effective of the two, in which the effluent colour was
reduced from 478 Pt-Co colour units to 8 Pt-Co colour units.

TABLE 7

COLUMN POST-OXIDATION TREATMENT COLOUR ANALYSIS
Sample Absorbance Colour % Colour
(Pt-Co) Removed

Wastewater 1.271 480 3

Distilled water 0 0 96

Final adsorbate 0.082 30 64

Post oxidized adsorbate 0.022 8 75

V. CONCLUSIONS

This study has demonstrated that functionalization
(modification) of zeolite increases its adsorption capacity and
enables it to remove organic contaminants in tea industry
effluent. The modified natural zeolite yielded a higher sorption
capacity for tea colour compounds. It has been further
demonstrated that the process of decolourization of tea
industry effluent was affected by sorbent mass and oxidant
dose, as well as the water quality parameters and
hydrodynamic conditions including pH, temperature and
agitation speed. And finally it has been demonstrated that the
combined advanced oxidation and adsorption process is more
effective in purifying tea industry wastewater than the
individual processes. The combined adsorption and advanced

ISSN 2079-6226 103

oxidation was most effective at pH 3 wherein the effluent
colour was reduced from 478 Pt-Co colour units to 8 Pt-Co
colour units. The latter meets the NEMA limit for discharge of
colored effluent discharge into the environment.

However, further investigations need to be carried to
generate more kinetic and breakthrough data. First, it is
recommended that the effect of effluent flowrate through the
column and the effect of column diameter on decolourization
be investigated. It is also recommended that further
investigations be directed towards internal recycling between
the oxidation and adsorption stage in pursuit of developing the
most cost effective strategy. This strategy of internal recycling
could work in three stages, as follows. First the adsorption,
aimed at removing simple organic colour compounds; this
could be followed by an AOP, aimed at breaking the complex
aromatic chains into simpler forms, with less chemical
consumption. And finally, the adsorption step again, for
polishing up, should this be deemed to be useful.
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