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Advanced tertiary treatment of municipal wastewater
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Abstract

Advanced technology for more efficient and effective wastewater treatment is always timely needed. The feasibility of using raw and
modified diatomite for advanced treatment of secondary sewage effluents (SSE) was investigated in this study. Raw diatomite at a dosing rate
of 300 mg/l showed a similar potential as activated carbon for removing most organic pollutants and toxic metals from SSE. Its performance
was found poor in removal of arsenic and crop nutrient constituents (e.g. ammoniacal nitrogen and phosphate) and remained unsatisfactory
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ven when the dosing rate increased up to 500 mg/l. Where modified diatomite was in lieu of raw diatomite, the removal efficiency fo
onstituents was improved by 20–50%. At the dosing rate of 150 mg/l, modified diatomite enabled the post-treated effluents to
ischarge consents, with the levels of all target constituents below the regulatory limits. Modified diatomite has advantages over raw

n improving removal efficiency and reducing the dosing rate required for satisfactory treatment of SSE. It is concluded that modified
s much more effective and efficient than raw diatomite, as an alternative to activated carbon, for economic treatment of SSE.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Disposal of improper treated wastewater often pose risk
o the environment and ecology. Using advanced technology
o mitigate risk by refined wastewater treatment is a key
ssue in meeting legislative guidelines, e.g. EU Water
ramework Directive. Municipal wastewater treatment typ-

cally comprises preliminary treatment, primary treatment
nd secondary treatment. Preliminary treatment includes
series of screens and grit removal to prepare wastewater

or subsequent treatment. Primary treatment involves the
eparation of readily-removable suspended solids through
ravity sedimentation. Following these two basic processes,
astewater is then subjected to secondary treatment in
hich biological and/or chemical processes are involved

o remove dissolved constituents. The secondary treatment

∗ Corresponding author. Tel.: +44 29 208 70232; fax: +44 29 208 74326.
E-mail address: YangY6@cardiff.ac.uk (Y.S. Yang).

was previously considered as a complete process,
its effluent being discharged into the receiving envi
ment after disinfection with chlorine gas[1]. However
as environmental regulations are getting stringent
introduction of EU Water Framework Directive in 2000[2],
secondary sewage effluent (SSE) was no longer a gua
for discharge[3]. Advanced tertiary treatment is therefo
required for further decreasing the residual constitu
in SSE.

A variety of technologies have been developed and ap
for the treatment of SSE. The commonly used techni
include membrane filtration with the aid of coagulants, ch
ical oxidation and precipitation, activated carbon adsorp
and constructed wetland[4]. Activated carbon adsorptio
has been held to be a particularly competitive and effe
process in removing organic and inorganic constitu
from the waste effluents[5–7]. However, activated carbo
is less economically viable as an adsorbent due to the c
activation and regeneration of the spent carbon and dis
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of regenerant wastes. As a result, over recent years there has
been growing interest in using low-cost natural minerals for
treating wastewater. Among these minerals is diatomite.

Diatomite, also referred to as diatomaceous earth, is
durable, extremely lightweight and highly porous; it has a
large surface area of 50–200 m2/g [8]. It consists primar-
ily of the fossilized skeletons of diatoms, which were once
marine planktons and algae. There were isolated and H-
bonded hydroxyl groups detected on the surface of diatomite
[9]. As a result of its unique physical and chemical properties,
diatomite has been put in industrial application as filtration
media for various beverages[10]. A number of laboratory-
scale studies were also performed to investigate the potential
of diatomite as an absorbent for removing waterborne radio-
nuclides, e.g. uranium[11], heavy metal ions, e.g. Pb2+,
Cu2+ and Cd2+ [12,13] and basic textile dyes[14,15] from
wastewater. While these studies have demonstrated promis-
ing outlook of diatomite for wastewater treatment, most of
them were focused on individual constituent or a limited
number of toxic metals in synthetic wastewater. It is poorly
understood whether diatomite can be applied for treating the
real waste effluent that contains a wide range of organic and
inorganic constituents.

The objectives of this study were to (i) identify the
feasibility of using raw diatomite as an alternative to acti-
vated carbon for tertiary treatment of municipal wastewater
a the
t sing
c ives,
t sys-
t , i.e.

continuous flow system (CFS). The comparison in treatment
efficiency between these two systems was established.

2. Methods and materials

Materials used in this study involved raw diatomite, mod-
ified diatomite, powdered activated carbon and wastewater
samples. Raw diatomite powder was provided by Yunnan
Qingzhong Environmental Co. Ltd., China. According to
manufacturer’s information[16], diatomite was produced by
milling diatomaceous sedimentary rock, and then refined
and purified using a low-cost physical method instead of
conventional expensive technique (i.e. acid washing). The
refined diatomite contains 98% diatoms, which have hon-
eycomb structure (Plate 1) and particle size ranging from
40 to 200�m. Chemical analyses of diatomite composition
showed 84.2% SiO2 (of which non-crystalline SiO2 97.5%
and crystalline SiO2 2.5%), Al2O3 6.51%, Fe2O3 5.23% and
CaO 1.32%.

The chemically-modified diatomite was prepared by
placing raw diatomite powder with solid aluminum sulfate
and lime at the ratio of 6:1:3 in a mixing bowl, stirring
for 20 min at 100% moisture of distilled water. This was
followed by treating the mixed samples in an ultrasonic bath
for 15 min and then oven drying at 60◦C. The oven dried
s arred
i

by
g nule
a stry

e of dia
nd (ii) investigate whether the removing efficiency of
arget constituents from SSE could be improved by u
hemically-modified diatomite. To achieve these object
wo treatment systems were involved: a laboratory-scale
em, i.e. batch reactor system (BRS); a pilot-scale system

Plate 1. Honeycomb structur
amples were ground through a 100-mesh sieve, and ch
n Muffle furnace at temperature of 450◦C for 2 h.

Powdered activated carbon (PAC) was obtained
rinding through a 100-mesh sieve the commercial gra
ctivated carbon manufactured by Xinsen Chemical Indu

tom skeletons in different shapes.
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Co. Ltd., China. Both diatomite and PAC were stored in
polyethylene containers. Wastewater samples were collected
on a batch sampling basis from SSE. A composite sample
was prepared by mixing several batch samples, and then
brought to laboratory and kept in fridge at temperature of
4◦C for subsequent tests and experiments.

2.1. Treatment systems

Two treatment systems were designed in this work. One
is a BRS that comprises of a 1500 ml glass jar and a
speed-control stirrer. This system is simple in operation
and time-saving when performing a large number of tests.
The other is a CFS, which was designed to enable the
mineral-bearing sludge to be drained without stopping the
flowing water. As shown inFig. 1, this system consists
of Teflon tubes with various diameters, pumps, a spray
nozzle, two settling tanks and one reaction tank with a
trapezoidal shape bottom. These tanks were constructed
using galvanized iron sheets, with effective dimension of
220 mm× 120 mm× 250 mm (long× wide× deep) for the
reaction tank and 120 mm× 120 mm× 200 mm for the set-
tling tanks.

2.2. Treatment procedure and sampling

ring
1 jar,
m ter

temperature up to circa 20◦C (i.e. room temperature). The
stirrer was then turned on at speed of 400 rpm; the solutions
were left to stand for 120 min after stirring. Following this,
100 and 400 ml samples were separately collected from the
jar using a siphoning tube at 15–20 mm below the surface
of upper clarified supernatant. Hundred millilitres sample
was filtered through a 0.45�m paper filter. Filtered solid was
subjected to oven-drying at 105◦C for the determination of
suspended solids, while the filtrate was acidified and stored in
fridge for subsequent analysis of toxic metals. Other 400 ml
sample was used for an immediate determination of inor-
ganic nutrients, 5-day biochemical oxygen demand (BOD5)
and chemical oxygen demand (COD). The batch experiment
was repeated but with the stirring time being reset at different
periods in order to establish an adequate stirring time for a
maximum adsorption capacity.

Once the adequate stirring time was established, adsorp-
tion dosage studies were performed following the same pro-
cedure stated earlier. Diatomite was operated at six desired
dosing rates (i.e. 50, 100, 150, 300 and 500 mg/l), respectively
including a control test.

Treatment in a CFS was conducted by pumping the SSE
sample with a peristaltic pump and mixing with diatomite at
the desired dosage through an aeration tank, and spraying via
a fine nozzle into air to produce very small water droplets (see
Fig. 1). The diatomite-bearing droplets fell into the tank in a
w cles
i st of
t ative
A batch experiment was carried out by transfer
000 ml SSE sample (kept in fridge) into a 1500 ml
ixing with 150 mg diatomite and leaving it to bring wa
Fig. 1. Schematic diagram of con
ay similar to fountain water spray. When diatomite parti
n the aeration tank settled down towards the bottom, mo
hem were pumped up again to spray into the air by a neg
tinuous flow treatment system.



J. Wu et al. / Journal of Hazardous Materials B127 (2005) 196–203 199

pressure applied to the bottom. This circulation resulted in the
agitation and aeration of mixed solution in the tank, leaving
diatomite fully in contact with constituents and leading to the
emission of volatile organic compounds (if any) into air.

As illustrated inFig. 1, part of the mixed solution flowed
from the bottom of the aeration tank to the lateral settling
tanks where solid and liquid were separated. Up-flowing
water in the settling tank was controlled at a speed of
1.5–2 mm/min by adjusting the flow rate of wastewater into
the aeration tank, with hydraulic retention time of circa
1.5–2 h. This allows the mixed solution having sufficient time
for developing a distinct interface between settling particles
and clarified liquid. Water samples for quality monitoring
were collected from the clarified effluent overflowing the set-
tling tank, whilst waste sludge was drained from the bottom
of the settling tanks.

2.3. Chemical analysis and removal efficiency

Eleven target constituents and pH were selected as param-
eters for water quality assessment. These include suspended
solid (SS), chemical oxygen demand (COD), 5-day bio-
chemical oxygen demand (BOD5), three nutrient constituents
(ammoniacal nitrogen, total nitrogen and total phosphorus)
and five toxic metals (arsenic, cadmium, lead, copper and
zinc). Ammoniacal nitrogen (NH-N) was determined using
a d
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Kjeldahl method[17]. Total nitrogen (TN) was worke

ut by summing total Kjeldahl nitrogen (i.e. organic nit
en and free ammonia) and nitrate that was determine

on chromatography. Total phosphorus (TP) was meas
ith a colorimetric method following acid digestion of wa
amples. Toxic metals were determined using ICP-MS
ichromate method was used for the determination of C
or BOD5, water samples were incubated for 5 days at
erature of 20◦C and BOD5 was determined based on the d

erence between the initial dissolved oxygen (DO) and
O. Details about the determination of these constituent
iven by Radojevíc and Bashkin[17].

The removal efficiency (Re) was calculated b
e = 100(C0−Ce)/C0, where C0 is the initial concen

ration of target constituent andCe is the post-treate
oncentration of target constituent.

. Results

.1. Water quality of raw samples

Water samples, collected from the SSE of a munic
astewater treatment plant in China, were subjected t
etermination and analyses for 11 target constituents
esults are presented inTable 1. A comparison of these resu
ith regulatory limits for discharge[18,19]shows that excep
H, all target constituents are over the limits. Therefore,

s not suitable for direct discharge into the natural aqu
nvironment, unless further advanced treatment is carrie
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Fig. 2. Removal efficiency as a function of stirring time (t).

3.2. Determination of adequate stirring time

A number of tests on a fixed dosing rate of diatomite were
performed in batch reactors to establish the effect of stir-
ring time on removal efficiency. The diatomite was fixed at
150 mg/l and the stirring speed at 400 rpm. The stirring time
was set at 5, 10, 15, 20, 25 and 40 min, respectively. Based
on the results from the analyses of clarified water samples,
the removal efficiency for each of 11 target constituents was
determined. A plot of the removal efficiency versus the stir-
ring time was constructed and shown inFig. 2.

Fig. 2shows that the COD removal efficiency was greatly
increased from 36% att = 5 min to 52% att = 10 min. There-
after a gradual increase was found with the increasing stirring
time; there was no significant improvement beyond 25 min.
A similar pattern was observed for BOD5, SS, NH4-N and
TP. This indicates that a maximum adsorption of these con-
stituents onto diatomite was achieved after stirring for 25 min.
As also shown inFig. 2, removal of copper, lead and zinc was
enhanced by about 35% as the stirring time extended from
5 to 15 min, but appeared independent of the stirring time
over 15 min. In contrast, arsenic and cadmium had a steady
increase in removal efficiency with increasing stirring time
until the time reached 25 min. It follows that the stirring time
set at 25 min is adequate for achieving maximum removal by
raw diatomite in this study.

3
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a mite
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r s the
d f the
c ns of
1 ency

Fig. 3. Variation in removal efficiency with various diatomite dosages.

was calculated. The variation in removal efficiency as a func-
tion of diatomite dosing rate is shown inFig. 3.

Fig. 3 shows that 60% of the dissolved copper, 50%
lead and 45% zinc were removed from wastewater by raw
diatomite at the initial level of 50 mg/l. In contrast, only 10%
of the dissolved cadmium and 18% of the dissolved arsenic
were removed. As diatomite dosing rates increased up to
300 mg/l, the removal efficiency was found to be 96% for
Cu, 94% Pb, 92% Zn, 85% Cd, whilst only 41% for As. It
demonstrated the highest removal efficiency for Cu, then Pb,
Zn, Cd and As. When diatomite was dosed at 500 mg/l, no
significant improvement was observed in metal removal.

As also shown inFig. 3, COD and BOD5 have a similar
removal pattern as cadmium, with the removal efficiency as
low as 10% at the dosing rate of 50 mg/l and quickly increas-
ing up to 90% at 300 mg/l. The removal efficiency for SS is
less than 15% at 100 mg/l, but rises rapidly to 50% at 150 mg/l
and then shows a gradual increase to 80% at 500 mg/l. As
far as crop nutrient removal is concerned, only 10–30% of
TN and NH4-N and 20–60% of TP were removed by raw
diatomite at the dosing rate ranging from 50 to 500 mg/l. All
these data give an indication that raw diatomite have com-
paratively low adsorption capacity for nutrients and arsenic.

3.4. Treatment with powdered activated carbon

) was
c mg/l.
T e in
a with
s

, lead
a for
C een
d sim-
i tals,
S ly
d ncy
o y
P

.3. Treatment in batch reactors

The SSE samples were placed in the batch reactor
ixed with raw diatomite at the dosage of 50, 100, 150,
nd 500 mg/l, respectively. The stirring time was set at 25
s discussed above. A control test (i.e. without diato

nvolved) was also conducted for comparison purpose, w
howed little change in water quality as compared to
riginal SSE. Measurement of pH in post-stirred solut
evealed a progressive decrease from 6.40 to 6.05, a
osing rate increased from 50 to 500 mg/l. Analyses o
larified supernatant samples yielded the concentratio
1 target constituents, based on which the removal effici
A test on SSE using powdered activated carbon (PAC
onducted in a batch reactor at the dosing rate of 300
he purpose for this test was to identify the differenc
dsorption capacity between PAC and raw diatomite
ame dosage. Results are presented inFig. 4.

It shows that 65% SS and over 90% copper, cadmium
nd zinc were removed by PAC. The removal efficiency
OD and BOD5 was found to be 85%. A comparison betw
iatomite and PAC demonstrates that raw diatomite have

lar adsorption capacity and removal ability for heavy me
S, CODCr and BOD5 as PAC. However, it is complete
ifferent for nutrients and arsenic, with removal efficie
f about 75% TN and NH4-N, 80% TP, 50% arsenic b
AC, compared to 35% TN and NH4-N, 50% TP and 40%
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Fig. 4. Comparison in removal efficiency between diatomite and PAC.

arsenic by raw diatomite. Therefore, PAC is more effective
in removing crop nutrients and arsenic from wastewater than
raw diatomite.

3.5. Treatment in CFS

Raw diatomite mixed with SSE at dosage of 300 mg/l was
pumped into an aeration tank, and sprayed into air via a fine
nozzle, as shown inFig. 1. Water samples were collected
from the clarified water overflowing the settling tanks and
undertaken water quality analyses. Results are given inFig. 5.
For comparison, shown inFig. 5are also the results from raw
diatomite dosed at 300 mg/l in the BRS.

The removal efficiency in CFS is 80% for COD and BOD,
60% SS, 50% TP, 40% arsenic and over 85% for other toxic
metals. The removal efficiency for all target constituents is
similar to that in BRS, with an exception of ammoniacal nitro-
gen and total nitrogen. The CFS had 45% NH4-N and 40%
TN removed from wastewater, whilst 30% NH4-N and TN in
BRS. The slightly higher removal efficiency for nitrogen in
CFS may be due to the spraying aeration leading to a fraction
of ammoniacal nitrogen emitting into air.

F g/l
b

Fig. 6. Variation in removal efficiency with dosages of modified diatomite.

3.6. Treatment using modified diatomite in CFS

Treatment with modified diatomite was carried out in the
continuous system, following the same operating procedure
as stated earlier. The modified diatomite consists of 60% raw
diatomite, 30% lime and 10% aluminum sulphate. The dosing
rates were applied at 50, 100, 150, 300 and 500 mg/l, respec-
tively. Measurement of pH in the solutions of the aeration
tank showed no difference from that in the clarified water
overflowing the settling tanks. An increase in the dosages
of modified diatomite increased the pH in solutions, with
pH 6.65 at dosage of 50 mg/l and 7.08 at 150 mg/l, 7.62 at
300 mg/l and 8.35 at 500 mg/l. Analytical results for clarified
water are shown inFig. 6.

The removal efficiency was 12% for arsenic, 68% copper
and 15–50% for other toxic metals with modified diatomite
at 50 mg/l. It was enhanced significantly as the dosing rate
increased to 150 mg/l, with over 90% of target toxic met-
als (except arsenic) being removed from wastewater. As also
shown inFig. 6, 80% TP, 70% nitrogen nutrient, 75% COD,
85% BOD5 and 65% SS were removed by modified diatomite
at 150 mg/l. When increasing the dosages over 150 mg/l, there
was a slight increase in the removal rate for most target con-
stituents. An exception for COD and BOD5 was found; their
removal rates decreased when the dosing rates greater than
150 mg/l.

r s
t her,
t t the
m mite
i

3

ost-
t
p nt at
t
T RS
ig. 5. Comparison in removal efficiency with raw diatomite at 300 m
etween the CFS and BRS.
A comparison between modified diatomite (Fig. 6) and
aw diatomite (Fig. 3) at the dosing rate≤150 mg/l show
hat the former has higher removal rates, 20–50% hig
han the latter for all target constituents. This indicates tha
odified diatomite performed much better than raw diato

n the SSE wastewater treatment.

.7. Water quality after treatment

The concentrations of target constituents in the p
reated water are summarized inTable 2. For simplicity,
resented in the table are only results from the treatme

he dosing rate of 300 mg/l. The concentrations of NH4-N,
N, TP, As and Zn in the post-treat water from both B
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Table 2
Concentrations of target constituents and pH after treatment at the dosing rate of 300 mg/l

Parameters (mg/l)

pH CODcr BOD5 SS NH4-N TN TP As Cd Pb Cu Zn

Raw diatomite
BRS 6.08 27 11 22 24 36 2.6 0.12 0.01 0.09 0.40 0.95
CFS 6.12 30 10 25 19 32 2.7 0.11 0.01 0.11 0.45 1.02

Modified diatomite 7.62 49 18 18 8 14 0.55 0.06 0.01 0.04 0.10 0.09
PAC 6.25 20 8 20 9 16 1.1 0.08 0.01 0.08 0.10 0.98

and CFS with raw diatomite were above the regulatory limits
(seeTable 1). This suggests that water quality after treatment
with raw diatomite failed to meet the discharge standards.
However, the quality of water from the treatment with PAC
and modified diatomite can meet the discharge standards; the
concentrations of all target constituents except Cd are below
the regulatory limits.

4. Discussion

The SSE in this study had pH close to the neutral value.
When it was mixed with raw diatomite, a slight decrease
in pH occurred due to a release of hydrogen ions from
raw diatomite associated with the adsorption of toxic met-
als via ion exchange processes. However, an increase in pH
was detected when SSE was treated with modified diatomite
which depends upon the dosing rates of modified diatomite.
The increase of pH with the dosing rates may result from
hydroxyl ions contributed by the lime from the chemical mod-
ification of diatomite.

A number of toxic metals were detected in SSE, including
arsenic, cadmium, copper, lead and zinc. These toxic metals
were removed to various extents when SSE was treated with
diatomite. Copper appeared most ready for removal; arsenic
was difficult to be removed in contrast. Their removal effi-
c lead,
z l
e SE-
b . The
c sso-
c than
t ss
t

con-
s
m the
c their
a dos-
i , thus
l
r rget
c gula-
t
T was

treated in CFS. Removal of nutrients and arsenic remained
unsatisfactory even at dosing rate of 500 mg/l, which indi-
cates that raw diatomite is less effective in removing nutrient
and arsenic from the SSE wastewater.

When powdered activated carbon (PAC) was in lieu of
raw diatomite at the dosing rate of 300 mg/l, all target con-
stituents were reduced to a satisfactory level with regard
to regulatory discharge consent standards[18,19]. Clearly,
PAC showed much higher effectiveness than raw diatomite
in adsorbing and removing nutrients and arsenic (Fig. 4).
The reason behind this could be that PAC removes nutri-
ents and arsenic via chemical adsorption processes, whereas
raw diatomite does them via physical adsorption processes. It
has been demonstrated that contaminants adsorbed onto solid
adsorbents via physical processes are weaker and more ready
to be desorbed than those via chemical processes[21]. The
physical adsorption is made through van der Waals force;
whilst the chemical adsorption is through the formation of
chemical bonds.

Treatment of SSE with modified diatomite in CFS showed
higher removal efficiency for all target constituents (Fig. 6),
as compared to that with raw diatomite in BRS (Fig. 3).
Nutrients and arsenic were readily removed with modified
diatomite. There is no significant difference detected between
CFS and BRS in removing the target constituents except
nitrogen (Fig. 5). CFS was also in favour of ammoniacal
n

e
a to
a ace
o ely
c chem-
i e in
p the
r ver,
i D
w mite
( rd-
i ld
d clay
m

ed, it
h road
c
h thes,
iencies were decreased in the following orders: copper,
inc, cadmium and arsenic (Figs. 2 and 3). The low remova
fficiency for arsenic was due to the poor adsorption of S
orn arsenate/arsenite anions onto diatomite particles
omparatively higher removal rate for copper can be a
iated with the smaller hydrated ionic radius of copper
hat of other toxic metal ions[20], which facilitates its acce
o the micropores of diatomite.

SSE is not suitable for discharge because the target
tituents are above the regulatory limits (Table 1). After treat-
ent with raw diatomite in batch reactors, the levels of

onstituents in the clarified water were reduced due to
dsorption onto diatomite particles. With increase of the

ng rate, the surface areas for adsorption were increased
eading to an increase in removal efficiency (Fig. 2). When
aw diatomite was dosed at 300 mg/l in the reactor, all ta
onstituents in the post-treat water were below the re
ory limits (Table 2), except crop nutrients (e.g. NH4-N and
P) and arsenic. Similar results were obtained when SSE
itrogen removal due to the spraying aeration.
As raw diatomite was chemically modified with lim

nd aluminum sulfate, such modification might lead
luminum-hydroxyl groups “transplanted” onto the surf
f diatomite and thus facilitated removal of negativ
harged-constituents (e.g. phosphate and arsenate) via
cal adsorption and coagulation. In addition, an increas
H by lime addition could also play a part in enhancing
emoval of ammoniacal nitrogen and toxic metals. Howe
t should be noted that the removal rate for COD and BO5
as decreased at higher dosing rates of modified diato

Fig. 6), which could resulted from increase of pH. Acco
ng to West et al.[22], an increase in pH above 8.0 wou
ecrease the adsorption of the dissolved carbon onto
inerals.
As far as the disposal of wasted diatomite is concern

as been found useful as material for making brick and
onstruction following dewatering and drying[16]. Workers
andling powdered diatomite should wear protective clo
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dust masks and gloves to protect their health from any poten-
tial harm caused by diatomite via the pathways of skin contact
and respiration.

5. Conclusions

Advanced treatment of SSE using raw diatomite and
chemically modified diatomite was investigated. Following
conclusions have been made:

• A slight decrease in pH was detected in the raw diatomite
treatment. The maximum removal efficacy was achieved
when stirring time was set at 25 min. The order of removal
efficiency is copper > lead > zinc > other constituents.

• An increase in the dosing rate improved the removal effi-
ciency. Raw diatomite has similar potential as powder acti-
vated carbon for removing COD, BOD5, suspended solid,
copper, lead, zinc and cadmium, but poor performance for
arsenic and nutrient constituents (e.g. ammoniacal nitro-
gen, total nitrogen and total phosphorus).

• Chemically modified diatomite can increase pH, signif-
icantly improve removal efficiency for all target con-
stituents including arsenic and nutrients in the SSE treat-
ment, as compared to raw diatomite. The dosing rate
for achieving the discharge consent standards was also

di-
raw
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ases
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water
ined
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15] E. Erdem, G. C¸ ölgeçen, R. Donat, The removal of textile dyes

diatomite earth, J. Colloid Interf. Sci. 282 (2005) 314–319.
16] Qingzhong Environmental Co. Ltd., 2004.http://www.blsjt.com

gb/zigongsi/guizao.asp.
17] M. Radojevíc, V.N. Bashkin, Practical Environmental Analysis, T

Royal Society of Chemistry, UK, 1999.
18] European Union Urban Wastewater Treatment Directive

271/EEC, 1991. http://europa.eu.int/comm/environment/wa
water-urbanwaste/directiv.html.

19] Discharge Standards of Municipal Wastewater Treatment Plan
China, Issued by Chinese National Environment Protection Bu
2002, GB18918.

20] J.H. Weber, Binding and transport of metals by humic mate
in: F.H. Frimmel, R.F. Christman (Eds.), Humic Substances
their Role in the Environment, John Wiley and Sons Ltd., 1
pp. 165–178.

21] J. Wu, L.J. West, D.I. Stewart, Effect of humic substances
Cu(II) solubility in Kaolin-sand soils, J. Hazard. Mater. B 94 (20
223–238.

22] L.J. West, D.I. Stewart, J.R. Duxbury, S.R. Johnston, Toxic m
mobility and retention at industrially contaminated sites, in: R. M
calfe, C.A. Rochelle (Eds.), Chemical Contaminant of Waste in
Geosphere, vol. 157, Geological Society, 1999, pp. 241–264.

http://www.water.org.uk/
http://www.water.org.uk/
http://www.blsjt.com/gb/zigongsi/guizao.asp
http://europa.eu.int/comm/environment/water/water-urbanwaste/directiv.html

	Advanced tertiary treatment of municipal wastewater using raw and modified diatomite
	Introduction
	Methods and materials
	Treatment systems
	Treatment procedure and sampling
	Chemical analysis and removal efficiency

	Results
	Water quality of raw samples
	Determination of adequate stirring time
	Treatment in batch reactors
	Treatment with powdered activated carbon
	Treatment in CFS
	Treatment using modified diatomite in CFS
	Water quality after treatment

	Discussion
	Conclusions
	References


