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ABSTRACT

Aluminum and iron salts are widely used as coagulants in water and wastewater treatment.
Two identical soil columns were fed with coagulated and non-coagulated primary effluent
(PE) to investigate effect of coagulation on removal of suspended solids, bulk organic mat-
ter, nitrogen, and pathogens indicators during managed aquifer recharge. Aluminum sulfate
and iron chloride were used as coagulants. Experimental results showed considerable sus-
pended solids removal of >65% by both coagulants at optimum doses. However, the overall
suspended solids removal by infiltration and coagulation-infiltration was ~90%. Likewise,
removal of phosphorus by coagulation was 80%, whereas total removal by coagulation—infil-
tration was >98% compared with ~30% by infiltration only. Coagulation of primary
removed 16-22% of dissolved organic carbon whereas total removal of ~70% by coagula-
tion—infiltration accounted to 1.4 orders of magnitude higher than infiltration only.
Furthermore, removal of pathogens indicators increased considerably from 2.5log;o units
during infiltration only to 3.8logio units during coagulation—infiltration for Escherichia coli.
Similarly, total coliforms removal increased from 2.6 to >4logjy units. These results imply
that coagulation of PE using both aluminum sulfate and iron chloride essentially gives
similar contaminants removal. Removal of suspended solids improves operation of soil
aquifer treatment site by reducing surface clogging while reduction of phosphorus through
coagulation also improved removal of pathogenic micro-organisms.

Keywords: Coagulation; Managed aquifer recharge; Optimum dose; Primary effluent;
Suspended solids

1. Introduction (SAT) is becoming increasingly attractive in water-
scarce regions due to lower capital investment, energy
requirements, and operator expertise requirements
[1,2]. SAT improves water quality during percolation
through the unsaturated zone [3] before it receives

Wastewater reclamation through managed aquifer
recharge (MAR) systems like soil aquifer treatment
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additional purification during its lateral movement in
the saturated zone [4]. Additionally, SAT has been
used to provide additional treatment for primary, sec-
ondary, and tertiary effluents from wastewater treat-
ment plants (WWTPs) for reuse [1,4,5]. SAT using
primary effluent (PE) could be an attractive option for
developing countries where wastewater is discharged
to receiving water bodies with minimal or no treat-
ment [6]. Nevertheless, wastewater effluent (i.e. SAT)
contains high concentrations of suspended solids, col-
loidal particles, and nutrients that interact with soil
and cause physical, biological, and chemical clogging
of the infiltrating surface [7]. Therefore, a proper pre-
treatment of PE prior to its application to SAT is likely
to reduce the formation of the surface clogging and
enhance SAT performance [1]. Coagulation—floccula-
tion followed by sedimentation is one of the treatment
processes employed to reduce suspended and colloi-
dal particles in water/wastewater.

Aluminum and iron salts are the commonly used
inorganic coagulants [8]. Aluminum and iron salts dis-
sociate when added to water and immediately form
trivalent ions of AI>* and Fe®" [9]. While alum coagu-
lation is normally effective within pH range between
6.5 and 7.5, coagulation with iron salts is effective in a
pH range between 4 and 11 [10].

Despite the successful use of aluminum sulfate
and iron chloride in water and wastewater treatment
processes that apply coagulation, the use of both coag-
ulants for pre-treatment of PE and subsequent use in
SAT has not been well explored. Therefore, the pur-
pose of this study was to investigate the effect of PE
coagulation using aluminum sulfate and iron chloride
on SAT performance with respect to SS, dissolved
organic carbon (DOC), NH4-N, PO,-P, and pathogens
indicators removal.

2. Materials and methods
2.1. Source and characteristics of PE

The PE used in this study was sampled from an
activated sludge WWTP Harnaschpolder, situated in
The Hague area, the Netherlands. PE was stored in a
cooling room in the laboratory at 4°C upon collection
and used within 3d after collection. The PE samples
were then removed from the cooling room and aer-
ated at room temperature for 4 h to increase dissolved
oxygen (DO) concentration before experimentation.
The PE was then allowed to settle after which the
supernatant was siphoned and filtered through 63 um
microsieve prior to application to the column. Detailed
water quality characteristics of the PE used in the
study are presented Table 1.
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Table 1
Characteristics of PE

Average
Parameter Unit concentration
DOC (before aeration) mg/L 49.4+39
DOC (after aeration) mg/L 415+6.8
pH - 74+0.2
Temperature C 20.5+0.7
DO (PE upon collection) mg/L 0.5+0.1
DO (after aeration) mg/L 71+x0.8
EC ps/cm 1407.2 +116.3
BODs mg/L 145+7.1
COD mg/L 448 +10.4
SS mg/L 180 +£12.7
Turbidity NTU 139.8+24.2
NOs-N mg/L 22+0.2
NH,-N mg/L 46.5+7.5
PO,-P mg/L 105+2.3
Alkalinity mg/L as HCO; 483.1+7.3
2.2. Jar test

Analytical grades hydrated iron (ferric) chloride
(FeCl3-6H,0) and aluminum sulfate (Al,(SO,);-18H,0)
from Merck KgaA, Germany were used as the source
of iron and aluminum ions utilized for coagulation of
PE used in the experiments. A jar test apparatus (VELP
SCIENTIFICA JLT6, Italy) with multiple stirrers oper-
ated at the same speed was used for simulating rapid
and slow mixing. Rapid mixing of PE in 1L beaker
was performed by conducting coagulation at 100 rpm
(mean velocity gradient 61.9s") and 150 rpm (mean
velocity gradient 113.7sY) at 1.5 and 1min, respec-
tively. Iron chloride and aluminum sulfate were added
few milliliters below the PE surface at the center of the
beakers and varied at 0, 1.93, 3.86, 5.79, 7.72, 9.65, 19.3,
28.95, 38.60, 48.25, and 57.9 mg Fe®* /L for iron chloride
and 0, 0.47, 0.93, 1.86, 2.79, 3.72, 4.65, 6.51, 9.30, 11.16,
13.95, and 18.6 mg AI’*/L for aluminum sulfate. Slow
mixing was then carried out at 20rpm for 20 min
followed by a sedimentation phase of 30 min during
which the flocs formed in the solution were left to set-
tle. About 100 mL sample volume was siphoned from
the supernatant of each beaker.

2.3. Experimental setup

Laboratory tests were performed on two identical
uPVC columns roughened from inside to minimize
preferential and column interface flow. The columns
were wet-packed in layers by allowing silica sand
grains (grain size 0.8-1.25mm, uniformity coefficient
(Cu)=1.4) to settle in de-ionized water while slightly
tapping on the surface of the column using a mallet
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rubber hammer to ensure homogeneous media pack-
ing in the column. Each column was 4.2m high with
an internal diameter of 57 mm. The media was sieved
through 2mm mesh screen followed by cone and
splitting to obtain a representative sample as detailed
in [11]. A ponding headspace of 20 cm was provided
on the top of each column and influent samples were
taken from a port situated in this length to account for
any PE quality change in the connection tubes
between the feed tank and the column headspace.
Sampling ports (SPs) were fitted at an interval of
10cm in the upper 50 cm of the medium after which
subsequent SPs were deployed at 50 cm intervals. The
bottom (20 cm) of the column was filled with gravel
with grain size ranging from 2 to 10 mm as a support
layer. A variable-speed peristaltic pump was used to
continuously deliver the PE to the top of the columns
at hydraulic loading rate (HLR) of 1.25m/d at room
temperature. Hydraulic residence time of 3.2d was
obtained under continuous PE loading (wetting) at
this HLR.

Biofilms formation on the media and subsequent
biostability of the soil columns was monitored for 120
d by analyzing DOC of influent and effluent samples
filtered through cellulose filter with nominal size of
0.45pum (Whatman, Germany) after which DOC
removal was calculated. The columns were assumed to
be ripened (biostablilized) when a difference of <+1%
DOC removal was obtained between each successive
pair of samples. Ripening process was repeatedly car-
ried out when operating conditions of the system were
changed to ensure that the micro-organisms have
adapted to the new environmental conditions. Samples
from the ripened columns (PE + SAT4; and PE + SATg)
were analyzed for SS, DOC, nitrogen, phosphorus, and
pathogens indicators. PE coagulated with aluminum
sulfate and iron chloride was then infiltrated into col-
umns. While the first column received PE coagulated
with aluminum sulfate (PE + COAG Al3++SAT), the
second column was fed with PE pretreated using iron
chloride (PE + COAG Fe’* + SAT).

During infiltration of both coagulated and non-
coagulated PE, the infiltration rate decreased due to
formation of a clogging layer at the surface of the
media which was frequently flushed with new PE
gently added to the inner surface of the column and
removed by syringe. This process was performed once
the infiltration rate dropped by 50%. Details of soil
column used in the study are presented in [12].

2.4. Analytical methods

Aromatic unsaturated bonding structures in
organic compounds causes ultraviolet (UV) light
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absorption over the range of 200-300 nm [13]. DOC
and UV absorbance at wavelength of 254 nm (UVAjs,)
of all pre-filtered samples collected from the WWTP
and column were determined within 3d [14,15]. Spe-
cific ultraviolet light absorbance (SUVA) was calcu-
lated to explore the contribution of aromatic structures
of DOC of the samples using their UVAjs4 measure-
ments and corresponding DOC values (UVAjs,x 100/
DOCQO).

Ammonium-nitrogen (NH4-N), nitrate-nitrogen
(NO3-N), and phosphorus (POs,—P) were determined
using colorimetric automated techniques using a spec-
trophotometer according to [16]. Standard calibration
line (in 5 concentration range) was prepared for NH,—
N, NO3-N, and PO4-P to calculate their concentrations
in various water samples. Determination of SS was
performed by drying a 47 mm diameter regenerated
cellulose filter with nominal size of 0.4-1 pum (What-
man, Germany) in a furnace at 520°C for 3 h. The filter
was weighed before and after filtering a well-mixed
50mL of PE and dried at 105°C for at least 2 h until a
constant weight was obtained. SS was then calculated
as the difference in the filter weight relative to sample
volume used.

Plate count method was used to enumerate patho-
gens indicators (Escherichia coli and total coliforms) in
unfiltered PE samples according to the methods
detailed in [17].

3. Results and discussion
3.1. Coagulation procedure and optimization

During the preliminary experiments, coagulation
of PE was performed at different rapid mixing intensi-
ties and time to determine the appropriate mixing
intensity, time, and optimum coagulant concentrations
(OCCs) for aluminum sulfate and iron chloride. OCCs
for both iron chloride and aluminum sulfate were the
concentrations beyond which no further substantial
reduction of residual turbidity and SS was achieved.
As presented in Fig. 1 and Table 2, no further appre-
ciable reduction of turbidity and suspended solids
was achieved beyond aluminum sulfate dosage of 9.3
mg AIP*/L for both 100 and 150 rpm mixing intensi-
ties. Removals of 91% turbidity and 77.5% SS were
achieved at mixing intensity of 150 rpm compared to
83.3 and 64.1% at 100 rpm. However, PE coagulation
using iron chloride and mixing intensities of 100 and
150rpm revealed no major change in turbidity
removal beyond 88.3 and 86.3% at coagulants doses of
2895 and 19.3mgFe** /L. SS removals of 74.1 and
71.6% were attained under similar doses and mixing
intensities.
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Fig. 1. Effect of rapid mixing of PE in 1L beaker on residual turbidity and suspended solids using aluminum sulfate

(A and B) and ferric chloride (C and D).

Table 2

Effect of PE coagulation using different coagulants at different rapid mixing intensities on removal of turbidity and

suspended solids

Mixing intensity =~ Coagulant dosage

Turbidity removal ~ Suspended solids removal

Coagulant (rpm) (mg/L) (%) (%) pH

Aluminum sulfate 100 9.3 83.3 64.1 7.05
150 9.3 91.0 775 7.05

Ferric chloride 100 28.95 88.3 74.1 7.01
150 19.3 86.3 71.6 7.12

Among the two rapid mixing intensities examined,
150 rpm demonstrated higher turbidity and SS
removal compared to 100 rpm. It was also noticed that
no substantial turbidity and SS removal observed
beyond coagulant doses higher than 9.3 mg AI**/L for
aluminum sulfate and 19.3mgFe’"/L for ferric
chloride.

Thus, it was concluded that rapid mixing intensity
of 150 rpm and OCCs of 9.3mgAI**/L and 19.3 mg

Fe’*/L should be adopted for coagulation of the PE
used prior to infiltration.

3.2. Suspended solids

Removal of SS is an essential feature of wastewater
coagulation [18]. SS was monitored by tracking the
quality of infiltrated coagulated and non-coagulated
PE along the soil column. It was observed that most
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SS removal from non-coagulated PE (influent: 170.3 =
3.7mg/L) occurred in the upmost part of the column.
Coagulation of PE (influent: 185.0+4.2mg/L) using
OCC of 93mgAI’*/L from aluminum sulfate and
OCC of 19.3mgFe’*/L from iron chloride removed
65.1+0.4 and 68.7 + 0.8%, respectively. However, simi-
lar total SS removals of 90.4+0.7, 89.6 +0.7, 89.9 0.5,
and 90.9+0.1% were achieved in PE+SAT,;, PE+
SATr., PE+COAG AI’* +SAT, and PE + COAG Fe’" +
SAT, respectively. These results suggest that despite
substantial initial SS removal by coagulation process,
there was notable contribution to the total SS removal
as compared to infiltration only. Most of SS was
removed in the upmost 1m of the column during
infiltration of non-coagulated PE. However, coagula-
tion process led to notable reduction of clogging layer
development at the surface of the media and conse-
quently stabilized the infiltration rate. This process
prolonged the frequency at which the media surface
was gently flushed with influent water from one week
to four weeks. Furthermore, equal SS removals follow-
ing PE coagulation with both coagulants implies that
the cost of each coagulant coupled with the volume of
sludge generated would dominate which coagulant
should be adopted for pretreatment of PE prior to
infiltration.

3.3. Bulk organic matter

Aluminum sulfate and iron chloride act to destabi-
lize and remove colloidal and DOCs through produc-
tion of cationic hydrolysis products [19]. For both
coagulants, DOC content of 44.4+34mg/L was
removed at optimum coagulant doses by 16.3+1.1%
with aluminum sulfate and 22.2 +0.5% with iron chlo-
ride. These observed differences are consistent with
the findings of other researchers that higher DOC rem-
ovals are achieved with iron chloride as compared to
aluminum sulfate [20,21] which is attributable to for-
mation of bigger and stronger flocs by iron chloride
[22,23] that facilitate DOC charge neutralization,
adsorption, and entrapment into insoluble aggregates
[24]. Furthermore, when the coagulated PE was
infiltrated into soil columns total DOC removals of
68.1+2.5 and 70.4 +0.3% were attained in PE + COAG
APP* +SAT and PE+COAG Fe’ +SAT, respectively.
These results show no considerable difference in using
either of the coagulants to pre-treat PE. However,
DOC removal was relatively higher than that achieved
during infiltration of non-coagulated PE, where 47.6 +
1.5 and 49.3+0.4% of initial DOC concentration (35.7
+1.0mg/L) was removed in PE+SAT,, and PE+
SATp,, respectively. These results show that
wastewater coagulation prior to biological treatment

1417

(i.e. infiltration) enhances DOC biodegradability dur-
ing biological treatment [25]. Fig. 2 presents DOC con-
centration profiles along soil columns fed with PE.
SUVA is used to indicate aromatic compounds in the
DOC and chemical nature of the DOC [26]. SUVA values
changed during infiltration of both coagulated and non-
coagulated PE. Coagulation process using aluminum
sulfate and iron chloride reduced SUVA of PE slightly
from 1.9+0.1L/mgm to respective values of 1.7 +0.1
and 1.5+0.1L/mgm suggesting removal of aromatic
fractions of DOC. On the contrary, SUVA values of the
coagulated PE upon infiltration increased considerably
in the first 1 m of the column followed by decrease in the
subsequent 3 m. SUVA values along PE + COAG AI’* +
SAT profile increased from an influent value of 1.8 +0.1
to 3.6 £0.2L/mgm in the first 1 m of the column, then
slightly decreased to 2.4+0.1L/mgm at the effluent.
Similar trends were observed along PE + COAG Fe®* +
SAT profile where SUVA increased from 1.5+ 0.1 to 3.4
+0.1L/mgm in the upmost 1 m before decreased to 2.5
+0.2L/mgm at the effluent. On the other hand, SUVA
of the non-coagulated PE increased from an influent
value of 1.7 +0.1 to 3.0+ 0.2L/mg m in the upmost 1 m
of the column after which a steady decrease was
observed along the remaining 3 m depth of the column,
resulting in an effluent SUVA value of 2.3+ 0.0 L/mg m.
Increase in SUVA values in the first 1 m of the column is
attributed to removal of aliphatic DOC fractions through
biodegradation, whereas decrease in SUVA values
suggests removal of aromatic DOC fractions in the
subsequent 3 m of the column through adsorption.
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Fig. 2. Average DOC concentration as a function of
column depth (influent: PE, media size: 0.8-1.25mm,
HLR=1.25m/d).
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3.4. Nitrogen

Coagulation of PE prior to infiltration resulted in
initial NH4—N reduction of 6.6 +1.3 and 7.2+0.2% by
aluminum sulfate and iron chloride, respectively.
However, coagulation and infiltration combined led to
a total NH4—N reduction of 60.9+2.6 and 64.7 +1.9%
in PE+COAG AP’* +SAT and PE + COAG Fe’" +5AT,
respectively.  Infiltration of non-coagulated PE
removed 21.4+0.9 and 22.9+24% of its NH;~N con-
tent of 489+39mgN/L in PE+SAT, and PE+
SATg,, respectively. It was noticed that most of NH,—
N reduction occurred in the top 1 m through nitrifica-
tion process as evidenced by the corresponding
increase in NO3;-N concentrations at this depth. Fur-
ther NH,—N reduction observed along the column was
attributed to adsorption of NH,—N to the media [27].
On the other hand, NO3-N content of non-coagulated
PE were 1.0+0.2, 54+03, and 24+03mgN/L at
influent, <1 and 4 m, respectively. At the same depths,
coagulated PE exhibited 1.2+0.1, 142+1.6, and 7.2+
0.7mgN/L NO3s-N concentrations. A steady decrease
of NO;-N was observed in the last 3m of the column
suggesting dominance of denitrification process as
evidenced by low NO;-N concentration exiting the
column. Removal of NO;-N by denitrification process
in MAR systems prevents pollution of groundwater
[27]. DO concentration rapidly decreased from
7.8 +0.3mg/L to as low as 0.6 0.1 mg/L in the first 1
m of the column suggesting utilization of DO by
micro-organisms to mediate biological reduction of
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DOC and NHy-N. Fig. 3 illustrates change in (A)
NH4—N concentrations along columns profiles and (B)
corresponding changes in NO3;-N concentrations.

3.5. Phosphorus

Substantial removal of PO,~P from PE was achieved
through coagulation. Aluminum sulfate removed 79.1
+1.2% of influent POs~P of 12.6 +0.1 mg/L, whereas
iron chloride removed 80.3 +0.5%. Infiltration of the
coagulated PE diminished the remaining PO,-P content
leading to a total removal of 98.4+0.2 and 98.1 +0.3%
in PE+COAG AI’* +SAT and PE + COAG Fe®" +SAT,
respectively. However, infiltration of non-coagulated
PE removed 30.6 £ 0.7% of influent PO,~P of 10.1 +£0.6
mg/L, whereas iron chloride removed 29.4+2.0%.
PO,4~P is mainly sorbed or precipitated in filter media
[28]. The main removal mechanism for PO,~P during
infiltration is predominantly adsorption, which dimin-
ishes once the sorption capacity of the media is
exhausted due to continuous application of PO,~P [27].
This limitation has presumably caused the relative low
PO4~P removal from the non-coagulated PE. Further-
more, the presence of natural organic matter (NOM)
originating from surface water used as drinking water
source had led to competition between the NOM and
PO,-P for adsorption sites, especially at pH above 7
(7.4 +0.2) [29]. Fig. 4 shows change in PO,~P concentra-
tions of coagulated and non-coagulated PE along soil
columns profiles.
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Fig. 3. Average (A) NH,;-N and (B) NO3;-N concentrations profiles along the soil column operated at alternate wetting/
drying cycles (influent: PE, media size: 0.8-1.25 mm, HLR=1.25m/d).
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Fig. 4. Average PO,—P concentration along the column depth
(influent: PE, media size: 0.8-1.25 mm, HLR =1.25m/d).

Table 3
Effect of PE coagulation and infiltration in soil columns
(influent: PE, media size: 0.8-1.25mm, HLR: 1.25m/d)

Pathogens indicator removal
(log1p units)

Operating condition E. coli Total coliforms
PE +SAT 25+0.2 27+03
PE + SATEg. 25+0.1 2.6+0.3
PE + COAG AI’* +SAT 3.8+0.0 44+00
PE + COAG Fe’* + SAT 3.8+0.0 43+0.0

3.6. E. coli and total coliforms

The effect of coagulation followed by infiltration
on removal of E. coli and total coliforms from PE was
examined using two coagulants. The mean concentra-
tions of indicator pathogens in PE treated with coagu-
lation was 6.6 x10°+0.6 x 10°CFU/100mL for E. coli
and 25.1 x 10° + 0.9 x 10° CFU /100 mL for total coliforms.

Table 4
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Coagulation of PE using aluminum sulfate removed
0.6 +0.21ogo units of E. coli compared to 0.6 = 0.1 logj,
units of fotal coliforms. However, coagulation process
using iron chloride removed 0.9+0.3 and 0.6+0.0
logo units of E. coli and total coliforms, respectively.

From Table 3, it can be seen that infiltration of
non-coagulated PE removed 2.5+0.2logiy units of
E. coli and 2.7 + 0.3 log; units of fotal coliforms in PE +
SATa; compared to 2.5+0.1logyo units of E. coli and
2.6 + 0.3 logyo units of total coliforms in PE + SATr.

E. coli and total coliforms removal in PE+COAG
APP* +SAT accounted to 3.8+0.0 and 4.4=+0.0logy
units, respectively. Similar removal was achieved
when PE was coagulated with iron chloride then
infiltrated into PE+COAG Fe® +SAT resulting in
E. coli and total coliforms removal of 3.8+0.0 and
43+0.0logyp wunits, respectively. Attenuation of
pathogens during infiltration is achieved through inac-
tivation, straining, and attachment to aquifer materials
[30]. High removals for both E. coli and total coliforms
by coagulation coupled with infiltration might be
attributed to removal of PO,—P by coagulation which
reduced competition between pathogens indicators
and PO,-P for adsorption sites in the media along the
column profile.

The above results show that PE coagulation prior
to infiltration is a viable pre-treatment option for
MAR as it reduces SS content of PE substantially
and consequently lead to longer run time for infil-
tration basins. Besides, introduction of coagulation
improved the overall DOC, NH,-N and pathogens
removal regardless of the coagulant type. Summary
of various contaminants removal is presented in
Table 4.

4. Conclusions

Coagulation process using aluminum sulfate and
iron chloride reduced the initial SS load of PE prior to
application to the soil column by >65%. This consider-
able SS removal has a positive effect on SAT site

Summary of contaminants removal during infiltration of coagulated and non-coagulated PE in soil columns (media size:

0.8-1.25mm, HLR: 1.25m/d)

Contaminant removal

Operating conditions SS (%) DOC (%) NHs-N (%) PO4P (%) E. coli (logo units) Total coliforms (logo units)
PE +SAT 5 904+07 476+15 21.4+x09 306+0.7 25+02 27+03
PE + SATre 89.6+0.7 493+04 229+24 294+20 25+0.1 26+03
PE + COAG AIP* +SAT 89.9+05 681+25 60.9+26 984+02 38«00 44+0.0
PE + COAG Fe®* +SAT 909+0.1 704+03 64.7+19 98.1+03 3.8+0.0 43+0.0
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performance in terms of surface clogging leading to
longer run time before drying and scraping/raking.
Nevertheless, there was no major effect on the overall
SS removal following infiltration of the coagulated PE
which leveled at ~90%, similar to SS removal obtained
from infiltration of non-coagulated PE.

Coagulation of PE using aluminum sulfate and
iron chloride resulted in DOC removal of 16.3 +1.1
and 22.2 +0.5%, respectively. Infiltration of the coagu-
lated PE led to a profound DOC removal which was
1.4 orders of magnitude higher than infiltration only
for both coagulants.

Substantial PO,P removal above 80% was
achieved by coagulation of PE using aluminum sulfate
and iron chloride. Furthermore, infiltration of the
coagulated PE led to a total POsP removal >98%
compared to ~30% by infiltration only.

Removal of E. coli and total coliforms by coagulation
was less than 1log;o units. However, infiltration of
coagulated PE led to removal of 3.8 and >4log;, units
for both pathogens indicators compared to ~2.5log
units for non-coagulated PE. This ascribed to the fact
that PO,~P competes with pathogens indicators for
adsorption sites in non-coagulated PE. This competi-
tion was substantially reduced by removal of PO,~P
through coagulation which in turn led to relatively
high bacteria removal.
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