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ABSTRACT

The use of grey water for a variety of purposes is gaining increased popularity as a means of preserving scarce
freshwater resources. In this work, catalytic oxidation over Fenton’s reagent and adsorption techniques using
Starbon (mesoporous material derived from polysaccharides) has been applied. These novel techniques are
used as an alternative to already studied treatments of grey water such as filtration and/or biological
processes. In this study, grey water, collected from a commercial laundrette, has been used. Treatment
efficiency was determined by changes in the chemical oxygen demand (COD) of the grey water. Experiments
using Fenton’s reagent at optimum conditions of Fe** = 40 mg L™"; H,0, = 400 mg L~' and pH 3 were very
successful, resulting in a 95% COD removal after 15 min. Treatment with Starbon adsorption was also
effective, reaching up to 81% COD removal at pH 3 within 1 h. The combined treatment with Fenton’s
reagent and Starbon resulted in a 93% COD removal at a significantly reduced concentration of Fenton's
reagent compared to the treatment with solo Fenton’s reagent. This lower chemical dose has the advantage
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of reducing costs and lowering sludge generation.

Introduction

Today many large urban areas across the globe suffer from
water scarcity. It is, therefore, necessary that action be taken to
guarantee a supply of freshwater for all people in the present
and future. The reuse and recycling of domestic wastewater are
emerging in many countries as a sustainable concept to reduce
overall urban water demand.""?

In developed countries, the indoor domestic water
demand usually reaches between 36 and 66 m’/y per capita
(100-180 L/d per capita), comprising 30-70% of the total
urban water demand.””) Most consumed water is transformed
into wastewater, which can be classified into two major cate-
gories: “grey water” and “black water.” Grey water is
untreated wastewater which has not been exposed to toilet
waste; its name is derived from its cloudy appearance and
from its status is between freshwater (known as “white
water”) and sewage water (“black water”). Leftover water
from bathtubs, showers, sinks, floor drains and washing
machines are all classified as grey water and comprises 60-
70% of in-house water demand. Black water originating from
toilets comprises the remaining 30-40%. In the United King-
dom, an average of 150 L of water is used per person in a
day, of which about a third is used for toilet flushing, which
could potentially be replaced by treated grey water.>~

Laundry wastewater is defined as “grey water.” Detergents
are the main contaminants resulting in high phosphate and
sodium levels. If untreated, these compounds pose a health risk
and serious environmental damage. Collection and treatment
of waste laundry water would overcome this problem and also

supply an alternative water source for toilet flushing or other
applications where fresh/drinking quality water is not
necessary.'®!

In the literature, a range of treatment systems are suggested
with varying complexity and degree of effectiveness.>”! Many
conventional treatment systems are based on physical separa-
tion, e.g., nanofiltration and reverse osmosis. However, the
major shortcoming of these techniques is the production of
large quantities of secondary pollutants in the form of concen-
trated sludge, which requires further processing and disposal.
These methods also require high initial investment and mainte-
nance costs.>*!

Conversely, adsorption processes are superior to other tech-
niques for wastewater treatment in terms of simplicity of
design/operation and insensitivity to toxic substances.!*!*!
Among several materials used as adsorbents, activated carbon
has undoubtedly been the most popular and widely used adsor-
bent in wastewater treatment throughout the world.!"!! Unfor-
tunately, activated carbon also presents disadvantages, i.e., it is
highly microporous and these small pores create limited diffu-
sion by slowing pollutant uptake and reducing material effi-
ciency."? This led many workers to search for better adsorbent
alternatives.'”’

Recently, innovative porous materials derived from poly-
saccharides, such as starch, have been developed by the
Green Chemistry Centre of Excellence based at the Univer-
sity of York. This material, named Starbon, offers a greener
alternative to conventional adsorbent materials. Polysacchar-
ides are relatively inexpensive, naturally abundant and
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biodegradable; they also possess a range of surface function-
alities that are maintained in the final Starbon material./>~'!
Starbon offers the significant advantage, over activated car-
bon, of being highly mesoporous. Previous work carried out
by Parker et al. investigating adsorption of dye molecules by
Starbon and activated carbon has shown that this meso-
porosity increases adsorption rate and capacity compared to
the activated carbon Norit®.['?! Based on these results, Star-
bon is considered appropriate as a potential material for
laundry grey water treatment.

Several advanced oxidation processes (AOPs) for wastewater
treatment have also been given considerable attention in recent
years as an alternative to conventional treatment techniques.
AQPs are characterised by the use of highly reactive intermedi-
ates, hydroxyl radicals (-OH), which attack the organic pollu-
tants in the wastewater and mineralise them.'®) Such
processes include UV, O5/H,0,,"! 05/UV,!* TiO, photocatal-
ysis, and Fenton and photo-Fenton processes.''”*!

Among those AOPs, the Fenton’s reagent, a homogeneous
catalytic system comprising hydrogen peroxide and a ferrous
salt, is an interesting solution because it allows high mineralisa-
tion levels at room temperature and pressure conditions. The
high efficiency of this technique relies on the formation of
strong hydroxyl radical (-OH) and oxidation of Fe** to Fe’*.
Both Fe*™ and Fe’" ions are coagulants; therefore, the Fenton
process can have a dual function, namely oxidation and coagu-
lation of pollutants during the treatment process.!'®'?!

In spite of the volume of work published on Fenton processes
and adsorption techniques for wastewater treatment, there
appears to be a lack of information regarding the combination of
these two systems. The work presented here not only focusses on
the treatment of laundry wastewater with Starbon and Fenton’s
reagent separately but also goes further to present, for the first
time, the combination of these two techniques to treat laundry
wastewater and determine if any advantages can be gained.

Materials and methods
Grey water

Grey water effluent used in this study was collected from a
commercial laundry facility in the city of York, United King-
dom. This laundry system is operated with a standard washing
machine programme using a powder detergent, which includes
three main ingredients: pH control/salts, water softeners and
surfactant cleansers (chemical composition is illustrated in
Table 1). Two types of grey water from the laundry system
were studied depending on the initial organic matter content.
Samples were collected and analysed before treatment.

Grey water with low organic matter content obtained from
the last rinse was called “low load”; this is carried out for the
purpose of removing residual laundry agents and suspended
dirt at the end of the wash. The main characteristics of low-
load wastewater are pH 7.2, suspended solids 23 mg L™" and
COD 96 mg L.

Grey water with high organic matter content obtained from
the first wash cycle was called “high load.” The main character-
istics of high-load wastewater are pH 7.4, suspended solids
34mgL " and COD 704 mg L.

Table 1. Composition of detergent used in this study.

Common name Concentration (%)

Alcohol ethoxylates AE7 1-5
Citric acid 1-5
Disodium disilicate 1-5
Salt of LAS 5-1
Sodium carbonate 20-3
Sodium carbonate peroxide 5-1
2-Propenoic acid/2,5-furandione polymer 1-5

LAS, linear alkyl benzene sulphonates.

Catalyst and reagents

Starbon materials

Starbon carbonaceous materials were previously prepared at
the Green Chemistry Centre of Excellence, University of York.
This material is prepared by heating 1.6 g corn starch in 8 L of
deionised water at 120°C and 80 kPa for 45 min, and then sub-
sequently cooling for 48 h to yield a porous gel block. The water
in the block then undergoes five stages of solvent exchanges
with increasing concentrations of ethanol. The mesoporous
starch is then doped with p-toluene sulphonic acid (5% w/w)
and refluxed for 6 h. The resulting material was heated under
vacuum to 180°C to ensure drying and begin the carbonisation
process. It was then further heated to 300°C at 1°C min '
under nitrogen. The resulting material is referred to as S300.
Full ?he]iracterisation of $300 can be found in the work of Parker
etall?

Fenton’s reagent

Fenton’s reagent, which is a solution of Fe’* (prepared from
ferric chloride) and hydrogen peroxide (30%, by weight), was
used in the experiments for hydroxyl radical generation.
Sulphuric acid and sodium hydroxide were used to adjust the
pH to the desired values. All chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Analytical determinations

The wastewater substrate concentration was measured by its
chemical oxygen demand (COD) using the standard meth-
ods.[2" Jenway pH meter (3505) from Japan was used for pH
measurements of the wastewater. Suspended solid is deter-
mined according to the standard methods.*”

Experimental methods

The experiments were performed in a batch mode test by pour-
ing 20 mL of the grey water into a 100-mL glass vessel. The
Fenton reagent was then introduced to the solution by adding
the required amounts of ferrous solution and hydrogen perox-
ide. For the experiments in which S300 was used, it was added
to the grey water instead of Fenton’s reagent. In the case of the
experiments where the effect of the pH was examined, a mass
of 20 mg of S300 was added to a 100-mL glass bottle containing
20 mL of grey water, pH was adjusted using H,SO, or NaOH.
The bottles were then sealed and stirred for 1 h. For the effect
of temperature changes, a range of (room temperature)
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22-60°C was used. Samples of grey water were taken at regular
time intervals during experiments to determine their COD
removal efficiency.

Results and discussion
Fenton’s reagent treatment

Effect of Fenton’s reagent concentrations
In order to determine the optimum concentration of Fen-

ton’s reagent necessary for maximum efficacy, a range of

experiments were carried out with varying reagent concen-
trations. Figure 1 shows the decrease of COD over time for
each concentration of Fe’* or H,0,. In general, COD
removal increased with the increasing concentration of Fe’*
up to the optimal concentration of 40 mg L™', which gave a
63% COD reduction after 15 min. Iron concentrations above
40 mg L™ resulted in reduced process performance, because
Fe ions were produced instead of the more useful -OH radi-
cals. This finding is in agreement with the previous
observations.!>!)

The results, illustrated in Figure 2b, show a significant
enhancement of the degradation process when the H,O,
concentration was increased from 100 to 400 mg L.

Increasing H,O, concentration results in the generation of

additional reaction intermediates, -OH radicals, that
enhance the degradation process. However, at higher perox-
ide concentrations, the excess hydrogen peroxide can act as
a -OH scavenger, forming HO,, a less reactive oxidising
agent that has a longer lifetime than the -OH, resulting in
decreased COD removal.?2~%*

The reaction kinetics show that COD reduction was most
significant within the first 15 min of the reaction after which
COD levels reached a plateau. This behaviour has previously
been reported in the literature and could be attributed to the
consumption of all the hydrogen peroxide in the first
15 min, and thus, no reaction can take place after this.!”’

Effect of the initial pH

The pH significantly affects the Fenton process, as it affects the
activity of the speciation of both iron and hydrogen peroxide
decomposition. To determine this effect, the initial pH of the
high-load grey wastewater was varied from pH 3.0 to 8.0

JOURNAL OF ENVIRONMENTAL SCIENCE AND HEALTH, PART A e 3

(Fig. 2). In accordance with the literature, results show that the
removal efficiency increases with a decrease in the pH, with the
optimal performance found at pH 3.0.'7%*) It is thought that
pH is the controlling parameter in the hydrogen peroxide
decomposition to produce -OH radicals, which is maximised at
pH 3.0 for the laundry wastewater resulting in COD reduction
up to 95%.

Organic matter removal by Starbon adsorption

Effect of contact time

Figure 3a shows the effect of contact time on COD removal of
both high- and low-load laundry wastewater. The results show
that rapid COD removal occurred within 60 min of adsorbent
addition. COD removal remained constant after 60 min, and it
was considered that equilibrium had been reached. As may be
expected, the removal of COD was dependent on the concen-
tration of organics in the wastewater. For high-load wastewater
(initial COD of 704 mg cop/L), COD removal was found to be
63%; for low-load wastewater (initial COD of 96 mg cop/L),
COD removal was 70% at 60 min of reaction.

Effect of solution pH on adsorption

The influence of pH value (range of 2-8) on the process of
adsorption was investigated. As with Fenton’s reagent, it was
determined that acidic pH 2-3 was preferred for COD removal
from water (Fig. 3b). The lower removal level at basic pH is
believed to be due to repulsion between the adsorbent surface
and the wastewater. 2%

Effect of reaction temperature

The influence of temperature was also investigated; a temper-
ature range of room temperature (22), 30, 40, 50, and 60°C
was used. Results show that a temperature increase of 20—
40°C leads to a small decrease in COD removal from 63% to
54%, but at an increase of 40-60°C, there is a dramatic
decrease in COD removal from 54% to 9% (Fig. 3c). This
would suggest that the adsorption process is exothermic,*®!
and this decrease in adsorption with temperature increase
may be attributed to the weakening of adsorptive forces
between the adsorbate and the adsorbent, and also between
the adjacent sites of the adsorbed phase.***”) As the majority
of laundry washes are carried out at <40°C, Starbon should

COD/CODo

Fe #' concentration,mg/L

0.2 1

Time, min

'\ Hy0; concentration, mg/L.

35 0 5 10 15 20 25 30 35

Time, min

Figure 1. Effect of the Fenton’s reagent concentration on low-load grey water treatment. (a) Effect of iron concentration (operating parameters: [H,0,] = 400 mg L™";
pH 7.4). (b) Effect of hydrogen peroxide concentration (operating parameters: [Fe3*] = 40 mg L~"; pH 7.4).
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Figure 2. Effect of pH on the Fenton’s reagent treatment ([Fe>*] = 40 mg L™";
[H,0,] = 400 mg L™").

perform well if added directly to the waste as it is expelled
from the washing machine.

Effect of different S300 dose

The effect of adsorbent dosage on COD removal in high-load
wastewater is shown in Figure 3d. It is observed that the
COD removal increases with an increase in adsorbent dose up
to 20 mg/20 mL wastewater; a further increase up to 25 mg/
20 mL did not provide further improvement in COD removal.
Therefore, 20 mg/20 mL dose of the adsorbent was used in
further studies. The increase in the COD removal with an
increase in the adsorbent dose is likely due to the larger
surface area that will be present in solution. The decrease

=&—"high load" grey water

—&—"low load” grey water

Lol
(2]
o

0 50 100 150 200 250 300 350
Time, min

11C

cop/cone
o Lo
. n

2
b
i

(=1

T T T T L3 T

0 10 20 30 40 S0 60 70
Temperature, “C

observed for the adsorbent dose of 25 mg/20 mL suggests that
after a certain dose of adsorbent an overlapping of the adsorp-
tion sites due to overcrowding of adsorbent particles may be
taking place, reducing the available surface area. This is
similar to studies reported by Abdel-Ghani et al.*"’

Dual adsorption/Fenton oxidation techniques

Finally, dual adsorption/Fenton’s reagent experiments were
carried out (Fig. 4). The major purpose of this integrated pro-
cess was to reduce the treatment costs, by reducing the amount
of Fenton’s reagents required.

Results showed that the optimum level of the Fenton’s
reagent, when used in combination with S300 (20 mg/20 mL),
was 20 mg L' Fe’* and 200 mg L ™" H,0, at pH 7.4. This gave
a COD removal of 93%. If this result is compared with the
results of solo Fenton’s reagent use (Fig. 1), in order to obtain a
similar COD reduction 40 mg L™' Fe’* and 400 mg L' H,0,
are required. Therefore, the Fenton’s reagents required are
halved when using a combined process.

It has been suggested that this treatment process could
be further improved by the adsorption of iron onto the
Starbon prior to the use in wastewater treatment, thus
creating a semi-heterogeneous process. As a result, the Star-
bon adsorbent could act to immobilise and concentrate the
contaminants. Hydrogen peroxide would then react with
the iron contained within the adsorbent, initiating the
Fenton reaction and generating the hydroxyl radicals
required. Subsequently, the radicals would oxidise the
adsorbed contaminants. Thus, the COD is decreased and
the Starbon + Fe material is regenerated.”!!

D35
0.3 1
0.25 1
0.2 1
0.15 1
0.1 1
0.05

COD/CODa

os 7 D
05 1
04 1
203 1
Y02 1

01 9

0 1 10 15 20 25 30
5300 dose, mg

Figure 3. (a) Effect adsorption time of grey water pollutants versus COD removal the reaction time. (b) Effect of pH on adsorption of pollutant from grey water (5300). (c)
Effect of temperature on adsorption of pollutant from grey water (S300). (d) Effect of S300 dose on adsorption of pollutant from grey water.
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Figure 4. Effect of adsorption/oxidation process.

Conclusion

Laundry machine wastewater was subjected to laboratory treat-
ment to investigate the Fenton’s oxidation and Starbon adsorp-
tion treatment. The optimal treatment conditions were applied
to maximise COD removal, e.g., different reagent concentra-
tions, pH and temperature. The results showed that COD was
reduced by 95% and 81% for the Fenton’s reagent and adsorp-
tion treatment, respectively. When the combined adsorption/
oxidation treatment was applied, the COD removal reached
93% but at a much lower concentration of the Fenton’s reagent
than that used in the individual experiment. This is the first
time these two treatments have been used in combination, and
the results show a significant promise for the treatment of laun-
dry wastewater. Future work will involve testing this concept on
a large scale, along with testing Starbon that is preloaded with
iron.
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