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ABSTRACT

Stormwater pollutants have the capacity to damage aquatic environments if they are dis-
charged untreated. Suspended solids (turbidity), dissolved organic carbon (DOC) and heavy
metals removal from stormwater were investigated in batch and fixed-bed column experi-
ments. Field studies revealed that turbidity and DOC in stormwater were effectively
removed at filtration velocities of 5, 10 and 11.5 m/h using a 100 cm high granular activated
carbon (GAC) filter column. At the higher filtration velocities of 10 and 11.5 m/h, adding a
pre-treatment 100 cm high anthracite filter column further improved DOC and turbidity
removal. Batch and column laboratory adsorption experiments at pH 6.5–7.2 using GAC
showed that the order of removal efficiency for solutions containing single and mixed
metals was Pb, Cu > Zn > Ni, Cd. This order was related to the solubility product and first
hydrolysis constants of these metals’ hydroxides. This study confirmed that GAC filter is
effective in removing turbidity, DOC and heavy metals from stormwater.

Keywords: Adsorption; Dissolved organic carbon; Granular activated carbon; Heavy metals;
Turbidity

1. Introduction

Urban stormwater is the main source of pollution
in water bodies such as lakes and rivers [1,2]. The
stormwater carries a large number of organic and
inorganic pollutants in colloidal and dissolved forms
such as suspended solids (SS), dissolved organic car-
bon (DOC) and heavy metals [3]. These pollutants can
have adverse effects on the environment when dis-
charged in untreated form into receiving water bodies.

SS contribute to the water’s turbidity, cause tem-
perature changes and lessen sunlight penetration,

which can reduce the resulting activity and growth of
photosynthetic organisms. This leads to aesthetic
issues, higher cost of water treatment, declining fish
resources, serious ecological degradation of aquatic
life, reduced navigability of channels and decreased
longevity of dams and reservoirs [3,4]. SS also work as
carriers of pollution because the finer sediments carry
pollutants such as heavy metals, pesticides, nutrients
and organic matter in particulate form and release
them into the environment [4].

DOC causes oxygen deficiency in water and
subsequently leads to the death of aquatic organisms
[5,6]. It also creates an unpleasant taste and odour in
water and acts as a substrate to microbial growth.*Corresponding author.
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Furthermore, DOC can reduce the effectiveness of
water treatment processes [7,8], increase coagulant
and disinfection demands and foul membrane filters
[9,10].

Several studies have found significant levels of heavy
metal contaminants such as Ni, Cu, Cd, Zn and Pb in
urban stormwater, which can heavily pollute receiving
water bodies [1,3,11]. Heavy metals such as Pb, Hg and
Cd are in the top seven hazardous chemicals listed by
the US Agency for Toxic Substances and Disease Regis-
try [12]. Many studies have reported on the adsorptive
removal of organic and inorganic contaminants from
stormwater. These are, however, limited to mostly static
batch studies instead of the dynamic fixed-bed column
studies which are more relevant to actual operating
systems in treatment plants [13,14].

The purpose of this study was to investigate the
efficiency in removing a wide range of pollutants from
urban stormwater using granular activated carbon
(GAC) and anthracite by fixed-bed field and labora-
tory column filtration, thereby preventing the contami-
nant loading to waterways and increasing the
likelihood of recycle and reuse of stormwater. The
specific contaminants studied in this paper are DOC,
SS and heavy metals (Cu, Zn, Pb, Cd and Ni). Other
contaminants, such as polycyclic aromatic hydrocar-
bons (PAHs) in stormwater, were not studied as their
concentrations were very low (concentrations of water
sediments from where the PAHs leach to stormwater
were 0.49–5.29 μg/g [15]). In field experiments, natural
stormwater served in the analysis of removing DOC
and SS using anthracite and GAC columns in series
with different filtration velocities. The removal of
heavy metals was not studied in the field because
their concentrations in natural stormwater are extre-
mely small. In laboratory studies, tap water was
spiked with heavy metals and kaolinite to test the
ability of heavy metals, turbidity and DOC removals
using GAC.

2. Experimental methodology

2.1. GAC and anthracite

GAC and anthracite used in the study were
obtained from James Cummins P/L, Australia.
Selected properties of the GAC and anthracite are
summarised in Table 1. Zeta potential which is related
to the surface charge of the adsorbent was measured
in GAC suspensions using a zetasizer nano instrument
(Nano ZS Zne 3600, Malvern, UK). For each sample,
the instrument automatically created replicate mea-
surements and a mean value was produced. Zeta
potential was measured at pH 3–10, after adjusting the

pH of a 100 ml suspension of adsorbent in deionised
water (0.1 g/L) and agitating it at 120 rpm for 6 h.

2.2. Stormwater

The stormwater used in field studies was predomi-
nantly from the base flow in a stormwater harvesting
plant located at Lower West Street Reserve, Carlton in
Sydney (S 33.979972, E 151.115360), which constantly
flowed in the stormwater canal between rainfall
events. Rainfall on 1st, 2nd and 3rd day of the field
experiment was 19, 13, and 84 mm measured at a
weather station close to the site. The stormwater was
drained by gravity through a sump pit in the floor of
the stormwater canal to an adjacent wet well. It was
then pumped through a control valve pit to a collec-
tion tap, from which point the stormwater was contin-
uously fed directly to the fixed-bed absorbent columns
at a velocity controlled by valves before and after the
filter columns. Table 2 presents the stormwater charac-
teristics. For laboratory experiments, synthetic storm-
water was prepared using tap water to produce a mix
of heavy metals and kaolinite which had the specified
required concentrations of metals and turbidity.

2.3. Kaolinite and chemicals

Kaolinite (aluminium silicate CAS No. 1302-93-8)
used in the study was obtained from Sigma–Aldrich
(USA). Analar grade nitrate salts of heavy metals (Cu,
Zn, Pb, Cd and Ni, CAS no 10031-43-3, 1019618-6,
1009974-8, 10022-68-1 and 1347800-7, respectively)
were utilised in the study.

2.4. Field fixed-bed column experiments

A schematic diagram of the different media filters
set-up in the field is shown in Fig. 1(a). The media
used in the experiments conducted in dynamic
adsorption conditions were anthracite and GAC. Field
experiments were conducted using 10 cm internal
diameter PVC columns, one packed with anthracite
and two with GAC to a height of 100 cm. As shown
in Fig. 1(a), two filtration set-ups were used as fol-
lows: (i) an anthracite filter column followed by a
GAC column and (ii) a single GAC filter column. The
anthracite filter column was used before the GAC fil-
ter to test the necessity of pre-treatment at different
hydraulic loadings. High SS loading to the GAC filter
may hinder its ability to effectively remove other
pollutants such as organics from stormwater by clog-
ging its active pores. Anthracite was chosen as a
pre-treatment filter material due to cost considerations
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and its ability to effectively remove SS [16–18]. The
flow rates of stormwater through the columns were
5 m/h, 10 m/h and 11.5 m/h for 1–2 d, 3–4 d, and 5–6
d, respectively. At these flow rates, the empty bed
contact times (EBCT) were 12, 6 and 5.2 min, respec-
tively. At the end of each day of operation of 4–6 h fil-
tration, the columns were backwashed with tap water
for 1 min and kept in a moist state overnight (18 h)
until the filtration experiments re-commenced the fol-
lowing day.

Influent and effluent samples from each column
were collected at 5, 10, 15 and 30 min intervals, and
afterwards every hour. Turbidity in a portion of each
sample was measured using a Hach Model 2100P Tur-
bidimeter. Samples were then filtered through 0.45 μm
filter discs and DOC in the filtrate was measured
using a Multi N/C 2000 analyser (Analytik Jena AG).

2.5. Laboratory batch experiments

Batch adsorption experiments were conducted
under static condition in a closed system to obtain
information on the adsorptive properties of each of

Table 1
Physical properties of GAC and anthracite

Properties GAC Anthracite References

Nominal size (mm) 0.3–2.38 1.0–1.1 [16], [2]
Bulk density (kg/m3) 748 660–720 [2]
Iodine number (mg/g min) 800 – [2]
BET surface area (m2/g) 750 – [2]
Maximum moisture content (%) 5 – [2]
Uniformity coefficient – 1.30 [16], [2]
Acid solubility (%) – 1 [16], [2]
Specific gravity – 1.45 [2]

Table 2
General characteristics of stormwater collected in Carlton,
Sydney [16]

Parameter Unit Value

Physical and chemical properties
pH – 6.68–7.28
TOC mg/L 4.25–8.96
Turbidity NTU 1.5–370
True colour PtCo 18–270
Bicarbonate mg/L CaCO3 equivalent 30–95
Water hardness mg/L CaCO3 equivalent 22–145

Metals
Al mg/L 0.028–0.188
As mg/L 0.001–0.005
Cd mg/L 0.0009–0.001
Cr mg/L 0.002–0.002
Cu mg/L 0.008–0.049
Fe mg/L 0.05–2.55
Mn mg/L 0.001–0.024
Ni mg/L 0.003–0.10
Pb mg/L 0.001–0.022
Se mg/L 0.001–0.004

Fig. 1. Schematic diagrams of GAC filtration set-up used in the (a) field study and (b) laboratory study (diagrams not to
scale).
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the heavy metals on GAC. Anthracite was not tested
because its properties tend to be inert towards heavy
metals compared to GAC [16]. Initial metal concentra-
tion used in these experiments was 5 mg/L. Doses of
adsorbent ranging from 0.1 to 7.5 g/L served to pro-
vide a range (low to high values) of equilibrium con-
centrations and adsorption capacities of metals. Initial
pH was kept at 6.5 ± 0.1 to simulate a pH close to that
of natural stormwater (Table 2).

In the adsorption experiments, 100 ml metal solu-
tions were mixed with specified adsorbent dose and
agitated at 120 rpm in a flat shaker for 24 h at room
temperature (24 ± 0.5˚C). The solution ionic strength
was kept at 10−3 M NaNO3. The suspensions were
then filtered using filter discs with 0.45 μm pore open-
ing, and heavy metal concentrations in the filtrate
were analysed. Heavy metals were measured using an
atomic absorption spectrophotometer (ContraAA 300).
The amount of heavy metal absorption at equilibrium,
qe (mg/g), was calculated by subtracting the amount
of metals in the solution at equilibrium from the
amount of metals added using the following formula:

qe ¼ C0 � Ceð ÞV
M

(1)

where C0 = initial concentration of heavy metal
(mg/L); Ce = equilibrium concentration of the heavy
metal (mg/L); V = volume of the solution (L), and
M = mass of GAC (g). The efficiency in removing heavy
metals was calculated using the following formula:

Removal efficiency ð%Þ ¼ ðC0 � CeÞ
C0

� 100% (2)

The experiments were repeated for multi-metals
adsorption in order to determine the effect of co-exist-
ing heavy metal ions on each metal being removed.
The concentrations of Zn, Cd, Ni, Pb and Cu were
10.0, 0.2, 0.3, 5.0 and 3.0 mg/L, respectively. The
heavy metal concentrations used were approximately
ten times the maximum concentrations reported for
Australian stormwater [11]. Doses of adsorbent used
varied from 0.5 to 10 g/L.

2.6. Laboratory fixed-bed column experiments

A schematic diagram of the GAC filtration unit
set-up in the laboratory is shown in Fig. 1(b). Initially,
the GAC was packed into a 2-cm internal diameter
transparent acrylic fibre column to 90 cm height (100 g
of GAC), and deionised water was passed upwards
through the column for 5 min to expel air within the

pores of the particles. Filtration experiments were then
conducted using synthetic stormwater at a filtration
velocity of 5 m/h in the gravity flow mode using two
peristaltic pumps: one before the water enters to the
column and the other when the water leaves the col-
umn. The EBCT at this filtration velocity was
10.8 min.

Heavy metal concentrations in the influent natural
stormwater were extremely low (Table 2) compared to
the average concentrations found in stormwater
reported across Australia [11]. Therefore, in the experi-
ments on removing heavy metals with GAC, tap water
was spiked with heavy metals to produce the required
concentrations of heavy metals. The concentrations of
the heavy metals Zn, Cd, Ni, Pb and Cu used in this
study were 2.0, 0.04, 0.06, 1.0 and 0.6 mg/L, respec-
tively. These concentrations were approximately twice
the maximum concentrations reported for Australian
stormwaters [11]. To simulate turbidity in the water,
the tap water was also spiked with kaolinite at a con-
centration of 7 mg/L. This produced a desired turbid-
ity which is an average of the values for the
stormwater at Carlton (Table 2). The tap water was
not spiked with any organics since it already con-
tained a DOC level of 5.1 mg/L which was close to
the DOC levels found in the field (Table 2). Samples
were collected at 10 and 30 min, thereafter every hour
for 8 h and then less frequently for up to 120 h. The
effluent samples were analysed for DOC, heavy met-
als, pH and turbidity.

The cumulative column adsorption capacity, qtotal
(mg), for a given feed concentration and filtration veloc-
ity is equal to the area under the plot of the adsorbed
metal concentration, Cad (Cad=C0 − Ce) (mg/L) with
time (t, min). It was calculated from the breakthrough
curves according to Eq. (3) where Q is the flow rate of
the solution (L/min):

qtotal ¼ Q

1000

Zt¼ 120h

t¼ 0

Cad dt (3)

3. Results and discussion

3.1. Zeta potential of GAC

Zeta potentials of GAC were +18.0, +13.2, +7.8,
−11.6, −16.9 and −28.9 mV at the final suspension pHs
3.12, 3.57, 4.80, 6.24, 6.64 and 8.00, respectively. There-
fore, the zero point of charge (ZPC, pH at which zeta
potential is zero) of GAC tested was 4.8–6.2. This
agrees with the ZPC values of 5.4 and 5.5 reported by
Sepúlveda et al. [19] and Wei et al. [20] for GAC,
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respectively. At pH less than the ZPC, GAC carries a
net positive surface charge, and at pH above the ZPC
it carries predominantly negative charges. Therefore,
in our experiments, GAC had more negative charges
at the pH 6.5 which indicates that GAC had a high
affinity for adsorbing heavy metals that are present as
cations.

3.2. Field fixed-bed column experiments

3.2.1. DOC and turbidity removal

Field experiments were conducted in order to test
the removal efficiency of DOC and turbidity by GAC
filter column operated at different filtration velocities
and the possibility of improving the turbidity removal
using a pre-treatment of anthracite filtration before
GAC filtration. Fig. 2 presents the temporal variation
of turbidity and DOC removal by GAC filter column
operating intermittently in the field over a period of
six days. The turbidity and DOC levels of the influent
raw stormwater during the experiment varied in the
range of 3–343 NTU and 4.3–16.6 mg/L, respectively.
The large variation in turbidity and DOC levels is due
to the storm events that had occurred in the days
prior to the experiment. Regardless of the huge varia-
tion in the influent turbidity and DOC of the storm-
water, GAC filter and anthracite filter + GAC filter
performed well in removing up to 98.5% of turbidity
for both filter arrangements and up to 96.0% and
97.5% of turbidity, respectively during the six days of
intermittent operation. On average, the single GAC fil-
ter and the anthracite filter followed by GAC filter
removed 71% and 78% of DOC, respectively, and
65.5% and 75% of turbidity, respectively.

The anthracite filter removed a small fraction of
DOC (7%) but 67% of turbidity when it operated in a
series as a pre-treatment strategy before GAC (Table 3).
The DOC and turbidity of the effluent from the GAC
filter were 0.2–3.9 mg/L and 1.9–13.0 NTU, respec-
tively. The corresponding values for the effluent from
the anthracite filter followed by GAC filter were
0.3–3.5 mg/L and 1.0–8.0 NTU, respectively. This
demonstrates that a single GAC filter and anthracite
followed by GAC filter effectively removed turbidity
and DOC. Adding a pre-treatment of an anthracite fil-
ter significantly reduced turbidity and the SS loading
to the subsequent GAC column. A negligible improve-
ment was observed in the removal of DOC by anthra-
cite pre-treatment because of the inert adsorption
properties of anthracite compared to GAC. Kus et al.
[2] also discovered that on average, an anthracite
column with the same column height of 100 cm and
filtration rate of 10 m/h could remove only 11% of

total organic carbon (TOC) from an influent TOC
concentration of 3.9–9.7 mg/L during three days of fil-
tration. However, for an influent turbidity of 14.5–48.5
NTU, the average effluent turbidity was 8 NTU. The
pre-treatment with anthracite could provide a screen-
ing barrier to the GAC filter column, so clogging of
GAC can be reduced to improve the performance of
the GAC filter.

The mechanism used to remove DOC was mainly
adsorption onto surface functional groups of GAC by
hydrogen bonding and van der Waals forces [21]. Xing
et al. [22] reported that the removal of DOC by GAC
in the early stages was governed by adsorption but
once the GAC was saturated with adsorption, after a
week, microbes started to develop on the GAC and it
functioned as a biofilter. Growth of microbes within
six days of intermittent usage in this study is unlikely
and therefore, the removal of DOC is ascribed mainly
to adsorption. GAC’s removal of turbidity occurred
predominantly through physical retention.

Table 4 shows the effect of filtration velocity on the
removal of DOC and turbidity using GAC and anthra-
cite + GAC filter columns. At a filtration velocity of
5 m/h, both filtration systems showed higher removal
efficiency of DOC and turbidity compared to the 10
and 11.5 m/h filtration velocities. Increases in the fil-
tration velocity reduced the efficiency of the single
GAC column system more than that of anthracite and
GAC filters in series for the removal of both DOC and
turbidity. The anthracite + GAC filter system always
performed better in removing DOC and turbidity at
all velocities studied. These results indicate that high
removal efficiencies can be achieved by single GAC
without pre-treatment for lower velocities, but at
higher velocities, pre-treatment is necessary to achieve
high efficiency in removing DOC and turbidity.

3.3. Laboratory batch experiments

3.3.1. Heavy metal adsorption by GAC

3.3.1.1. Individual metals. Fig. 3 illustrates the removal
efficiencies of all metals studied which followed the
order of Pb, Cu > Zn > Ni, Cd at pH 6.5. This is the
same order as the solubility product constant of metal
hydroxide (M(OH)2) precipitate (pKs of metal hydrox-
ides for Pb, Cu, Zn, Ni and Cd are 19.9, 19.3, 16.5, 15.2
and 14.4, respectively [23,24]). It is also in the reverse
order as the first hydrolysis constant of the metals
(MOH+ formation) (pk1 of metal hydroxyl complexes
for Pb, Cu, Zn, Ni and Cd are 7.7, 7.9, 9.0, 9.9 and 10.1,
respectively [25–27]). The higher the pKs value the
greater the metal’s tendency to precipitate as the metal
hydroxide, while a lower pk1 value reveals that the
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metal produces a soluble metal hydroxyl complex more
easily. The higher adsorption capacity of the metals
with a high pks values is due to these metals forming
surface precipitation on the adsorbent [28]. Surface pre-
cipitation can occur at pHs lower than those at which
precipitation occurs in solution because the adsorbent
provides a nucleus to induce precipitation. Metal
hydroxyl complexes have higher affinity for adsorption

than divalent metal ions. Therefore, metals which read-
ily form hydroxyl complexes (lower pk1 values, e.g. Cu
and Pb) had higher adsorption capacities.

3.3.1.2. Mixed metals. Fig. 4 shows the removal efficien-
cies of mixed metals at various concentrations. The
heavy metals used in this study were Zn, Cd, Ni, Pb
and Cu and their concentrations were 10.0, 0.2, 0.3, 5.0

Table 3
DOC and turbidity levels in influent and effluent water (based on 9–11 samples taken daily for six consecutive days)

Treatment chain

DOC (mg/L) Turbidity (NTU)

Influenta Effluenta Influenta Effluenta

Single GAC filter 6.4 ± 0.3 1.8 ± 0.6 26.1 ± 4.8 4.8 ± 0.4
Anthracite only (in series) 6.4 ± 0.3 6.3 ± 0.5* 26.1 ± 4.8 5.6 ± 0.6
Anthracite + GAC

(overall)
6.4 ± 0.3 1.4 ± 0.1 26.1 ± 4.8 3.5 ± 0.2

aMean ± standard error.

*Only eight effluent samples were analysed for the removal of DOC by anthracite because the removals in the samples analysed were

extremely low.

Table 4
Effect of flow velocity on DOC and turbidity removals (based on 9–11 samples taken daily for two consecutive days for
each velocity)

Velocity
(m/h)

Influent DOC
(mg/L)a

Removal efficiency of DOC
(%)

Influent turbidity
(NTU)a

Removal efficiency of turbidity
(%)

GACa
Anthracite +
GACa GACa

Anthracite +
GACa

5 6.6 ± 0.6 82.6 ± 2.1 83.7 ± 1.9 55.2 ± 11.2 83.8 ± 2.3 87.1 ± 1.6
10 5.0 ± 0.1 61.8 ± 1.1 76.0 ± 2.4 9.9 ± 1.5 50.7 ± 7.0 69.5 ± 5.6
11.5 7.6 ± 0.4 68.9 ± 2.3 72.5 ± 2.1 10.9 ± 1.1 58.6 ± 4.3 65.9 ± 3.5

aMean ± standard error.

Fig. 2. (a) DOC and (b) turbidity removals from stormwater by GAC and anthracite + GAC columns at velocities of 5, 10
and 11.5 m/h for days 1–2, 3–4 and 5–6, respectively in the field (column height 1 m).
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and 3.0 mg/L, respectively. This initial concentration
of metals followed an order of Zn > Pb > Cu > -
Ni > Cd, but the removal efficiencies of metals fol-
lowed the order of Pb, Cu > Zn > Ni, Cd. The latter
order is similar to single metal adsorption despite the
huge differences in the initial concentrations. This
may be because the adsorption of metals is more gov-
erned by mechanisms of adsorption discussed earlier
than the initial concentrations in the mixture that were
used [26].

3.4. Laboratory fixed-bed column experiments

3.4.1. Heavy metal removal

Column breakthrough curves for all metals tested
are presented in Fig. 5. The breakthrough for Cu was
achieved after 24 h (133 BV), but the exhaustion point
did not occur until 120 h (666 BV). For Pb, no clear
breakthrough occurred in the 120 h of filter operation.
However, for Cd, Zn and Ni, a breakthrough com-
menced as early as 8 h and exhaustion was nearly
completed for Ni, Cd within 24 h of operation. Zn
breakthrough was nearly completed after 120 h. These
results agree with those of others reported in the liter-
ature for other adsorbents. For example, Apiratikul
and Pavasant [29] reported that the breakthrough time

of metals at pH 5 in dried green algae fixed-bed col-
umns was longest for Pb followed by Cu and Cd.
They also stated that the average adsorption capacity
calculated from the breakthrough curves followed the
order of Pb > Cu > Cd. Similarly, Jeon et al. [30]
reported that the time taken for the effluent concentra-
tion of metals to reach the influent concentrations (Ce/
C0 = 1) was longer for Cu than Cd when the metal
solutions at pH 3 were passed through zeolite and
iron oxide coated zeolite columns. During the entire
experiment, no Pb was detected in the effluent of any
of the columns.

The steepness of the breakthrough curves followed
an order of Pb, Cu > Zn > Ni, Cd in GAC columns
which is similar to that of single metal and mixed
metals batch adsorption results. The cumulative
removal of heavy metals and the cumulative percent-
age of metals removed after 120 h (666 BV) of opera-
tion also followed the same order. Pagnanelli et al.
[26] cited many references in the literature for the
adsorption of heavy metals on several inorganic and
organic adsorbents in both batch and column studies,
where the order of adsorption was similar to the cur-
rect study. In addition to the reasons given for this
trend earlier, when discussing the batch studies, such
as solubility products of metal hydroxide precipitate
and hydrolysis constants of the metals, the differences
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Fig. 3. Removal efficiencies of single metals adsorption on GAC at pH 6.5 in laboratory batch experiments (initial metal
concentration 5 mg/L, adsorbent doses 0.1–7.5 g/L, 24 h shaking).

D.P. Sounthararajah et al. / Desalination and Water Treatment 57 (2016) 5045–5055 5051



in concentration of metals in the influent solution can
also explain the adsorption differences between
metals. Cd and Ni adsorptions were low compared to
the other metals considered in the column study
because: firstly, these metals had relatively low con-
centrations of these metals in the influent water, and
secondly, the low adsorption capacities of these metals
on GAC as found in single metal batch adsorption
results (Table 5).

3.4.2. Turbidity and DOC removal

Fig. 6 shows the influent and effluent values of
DOC and turbidity of laboratory GAC column using
synthetic stormwater. Influent DOC and turbidity lev-
els were 5.1 mg/L and 15.4 NTU, respectively, and
the corresponding effluent values were 0–0.3 mg/L
DOC and 1.6–4.5 NTU turbidity for 120 h of continu-
ous operation. On average, GAC removed 98% of
DOC and 80% of turbidity from the stormwater at a
filtration velocity of 5 m/h which is comparable to the
results obtained in the field. In the field, 83% of DOC
and 84% of turbidity were removed by GAC columns
of approximately the same height at the same filtration
velocity. The mechanism for removing turbidity
involves physical screening, whereas that for DOC

removal is mainly through chemical adsorption which
is governed by H-bonding and Van der Waals forces
[21].

3.5. Feasibility study and optimum conditions

The batch and column studies showed that pollu-
tants from urban stormwater such as DOC, turbidity
and heavy metals can be effectively removed by single
100 cm high GAC column at a filtration velocity of
5 m/h. At the higher filtration velocities of 10 and
11.5 m/h, DOC and turbidity removal efficiencies fell,
but a pre-treatment column with anthracite before
GAC treatment improved the performance of the GAC
column system. Depending on the levels of pollutants
at the specific site, suitable operational conditions may
change. Therefore, a series of experiments similar to
this study need to be conducted at different concentra-
tions of pollutants, filtration velocities and column
height to determine the optimum conditions for vari-
ous scenarios. There is no single optimum condition
for the operation because it will vary depending on
the water pollutants and column characteristics.

The results obtained on heavy metals removal
using synthetic wastewater (tap water spiked with
heavy metals) may not be directly applicable to real

0 

20 

40 

60 

80 

100 

0 2 4 6 8 10 

R
em

ov
al

 e
ff

ic
ie

nc
y 

(%
) 

Adsorbent dose (g/L) 

Pb 

Cu 

Zn 

Ni 

Cd 

Fig. 4. Removal efficiencies of mixed metals on GAC at pH 6.5 in laboratory batch experiments (initial metal concentrations
(mg/L): Zn 10.0, Cd 0.2, Ni 0.3, Pb 5.0 and Cu 3.0, adsorbent doses 0.5–10 g/L, 24 h shaking).
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Fig. 5. Breakthrough plots of (a) Ni, (b) Cd, (c) Zn, (d) Cu and (e) Pb in GAC column in the laboratory for mixed metals
(column height 0.9 m, filtration velocity 5 m/h, influent pH 6.9–7.2 and initial metal concentrations (mg/L): Zn 2.0, Cd
0.04, Ni 0.06, Pb 1.0 and Cu 0.6).

Table 5
Percentage* of cumulative removals of heavy metals by GAC after 120 h (666 BV) at pH 6.9–7.2 (Influent concentrations
(mg/L): Zn 1.99, Cu 0.87, Cd 0.06, Ni 0.08 and Pb 0.90)

Units Ni Cd Zn Cu Pb

Total metals added mg 15 12 388 168 174
Metals removed by GAC, qtotal mg 3 2 147 143 151
Metals removed by GAC* (%) 20 21 38 85 87

*Percentage of cumulative metal removal = (cumulative metal added − cumulative metal in effluent)/cumulative metal added.
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stormwater. Therefore, the results need to be
confirmed on real stormwater having high concentra-
tions of heavy metals.

4. Conclusions

A GAC fixed-bed filter column and a series of
anthracite filter followed by GAC filter effectively
removed DOC and turbidity from stormwater. A sin-
gle GAC filter column operating at a lower filtration
velocity of 5 m/h was able to remove most of the
DOC and turbidity. At higher filtration velocities of
10 m/h and 11.5 m/h, an additional pre-treatment of
anthracite filter to the GAC filter enhanced the overall
effectiveness. At natural pHs of stormwater (6.9–7.2),
the GAC filter column showed high absorptive
removal for Pb, and Cu. GAC adsorption of Zn, Cd
and Ni over 120 h of continuous operation at a filtra-
tion velocity of 5 m/h was moderate. Batch adsorption
of single and mixed metals had the same removal
order as in column studies. The removal of metals
followed the order of Pb, Cu > Zn > Ni, Cd which can
be explained by the solubility product and first
hydrolysis constants of these metal hydroxides.
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