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a b s t r a c t

Rural areas of developing countries require low-cost treatment systems to purify wastewater which is
contaminated with pesticides and organic matter. This work evaluated for six months the simultaneous
removal of chlorpyrifos and dissolved organic matter in water using four horizontal sub-surface flow con-
structed wetlands (SSFCW) at a pilot scale, that were planted with Phragmites australis at 20 ± 2 ◦C water
temperature. In each wetland, three concentrations of chlorpyrifos and three of dissolved organic carbon
(DOC) were tested by liquid chromatography and an organic carbon analyzer respectively. The pesticide
and DOC were added to the wetlands in synthetic wastewater. For the experiments, four wetlands of equal
dimensions were used, with granular material of igneous rocks, 3.9–6.4 mm in diameter and at a depth
of 0.3 m with a layer of water 0.2 m deep. For each treatment, regular sampling was carried out for the
influent and effluents. As a supporting feature NH4

+, NO3
− and PO4

3− were quantified and in situ measure-
ments of dissolved oxygen (DO), pH, electrical conductivity, water temperature and redox potential were

taken. The overall removal of the chlorpyrifos (92.6%) and DOC (93.2%) was high, as was DOC removal as
a function of pesticide concentration in the influent. The minimum magnitude (92.0%) was reached with
425.6 �g L−1 of chlorpyrifos and, with the highest pesticide removal (96.8%). At lower concentrations of
the agrochemical, DOC removal increased. The removals were possibly due to mineralization processes,
biological decomposition and sorption in plants. These findings demonstrate that SSFCW are capable of
simultaneously removing dissolved organic matter and organophosphate pesticides such as chlorpyrifos,
which indicate that chlorpyrifos did not interfere with the removal of organic material.
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. Introduction

The demand on water resources is increasing due to world pop-
lation growth and industrial and agricultural development (UN,
006). At the same time, these resources are being contaminated

y the high volume of chemical (Castro, 1998; Varó et al., 1998)
nd biological waste that is discharged into surface (García, 2004;
yriakopoulou et al., 2009) and groundwater sources (Seoánez,
999).
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In urban areas of developing nations, 70% of all residues are
mptied into water with no previous treatment (García, 2009),
nd in rural areas purification treatments are rarely performed
González and Echeverri, 2004; IDEAM, 2005). Wastewater dis-
harges are a combination of domestic and agricultural residues
hich often contain pesticide remains (López-Blanco et al., 2006;

ópez-Mancisidor et al., 2008), several of them highly toxic, such
s organophosphates (Lambropoulou et al., 2002; Mothes et al.,
003), which include chlorpyrifos (Brewer and Atchison, 1999;
hillips et al., 2003; Moore et al., 2002; Morales and Rodríguez,
004).
Chlorpyrifos is used in agriculture to prevent and control pests,
attle parasites and as a pesticide for a wide variety of crops
Organización Meteorológica Mundial, 1997; Mallick et al., 1999;
astañeda, 2005; Lopera and Peñuela, 2005; López-Mancisidor et
l., 2008).
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Chronic human exposure to this agrochemical and to the con-
umption of water contaminated with it (UNICEF, 2006; Sarkar
t al., 2008) may cause long-term mutagenic effects, neurologi-
al effects (Ministerio del medio Ambiente, 1998), neuropathies,
ncephalopathies and visual disturbances (Ministerio del medio
mbiente, 2000; Yu et al., 2006), affecting the cardiovascular and
espiratory systems and different stages of the female reproductive
ycle (Castañeda, 2005; Vassilev and Kambourova, 2006; Rescia
nd Mantovani, 2007).

Due to their low solubility (2.0 mg L−1 at 23 ◦C) and high
dsorption coefficient (Kd = 13.4–1862 mg L−1 for chlorpyrifos),
rganophosphate pesticides (OPs) are frequently adsorbed into soil
omponents and humic colloids present in running water (Moore
t al., 2002; Phillips et al., 2003). Their presence in aquatic ecosys-
ems makes them potentially toxic contaminants for species that
nhabit them, depending on their half-life period of degradation
nd their different residual degrees (Phillips et al., 2003; Daam and
an den Brink, 2007).

Several researchers (Kadlec and Knight, 1996; Schulz and Peall,
001; Moore et al., 2002; Mantovi et al., 2003; Scholz et al.,
007; Obarska-Pempkowiak et al., 2007; Mustafa et al., 2009)
ave reported the use of constructed wetlands as a low-cost use-

ul alternative for secondary and tertiary wastewater treatment,
ncluding that from agriculture (Brewer and Atchison, 1999; Scholz
t al., 2007; Kouki et al., 2009; Mustafa et al., 2009). These designs
nvolve vegetation, soil, water and microorganisms (Vymazal and
röpfelová, 2008a,b). Such systems can be considered as appro-
riate options for wastewater purification in small communities
f rural areas of developing countries (Rodríguez, 2003; Ayaz, 2008;
bidi et al., 2009) where agricultural wastewaters are common and
conomic resources are scarce. The first trials with this technology
ere initiated in 1952 by Seidel at the Max Planck Institute (Ger-
any) (OPS-OMS, 1999; CNA-MMA, 2001; García, 2004; Vymazal,

009) and the first studies of real-scale sub-surface flow con-
tructed wetlands were carried out in Mississippi (United States of
merica) and Othfressen (Germany) in 1974, and in Acle, Anglian

England) in 1985 (OPS-OMS, 1999). In Colombia, pilot-scale sub-
urface flow wetlands have been built for teaching and research
urposes, like that related to by Lara and Vera (2004), Villegas et al.
2006) and at real scale, Peña et al. (2003), Arias and Brown (2009),
nd Morató and Peñuela (2009).

It has been proven that SSFCW remove organic carbon, nitrogen
nd phosphorus from wastewaters with high efficiency (Robusté et
l., 2004; Kyambadde et al., 2005; Matamoros et al., 2008; Mustafa
t al., 2009; Songliu et al., 2009). Research in this field is abun-
ant but very few researchers explicitly associate these purifying
ystems with OPs (Moore et al., 2002) and even fewer tackle the
mpact of these agrochemicals on the removal of organic matter
ontained in wastewater.

In different studies it was demonstrated that microbial bio-
timulation with carbon increased the percentage of hydrocarbon
egradation (Pérez-Armendáriz et al., 2004). This bio-stimulation
lso has been proven in the degradation of pesticides; thus when
dding another carbon source like glucose to methyl parathion, the
ime of degradation by the microorganisms diminishes (Liu et al.,
005).

This investigation examined the simultaneous removal of chlor-
yrifos and dissolved organic matter using SSFCW at a pilot level. In
his work, the influence of organic carbon on the removal of chlor-
yrifos was studied. Results demonstrate the ability of the SSFCW

o remove the pesticide in concentrations below 425.6 �g L−1 and
stablish the effect of the agrochemical on the removal of dis-
olved organic matter. The findings of this investigation expand
nd strengthen research which reports the effectiveness of these
reatment systems for purifying agricultural discharges.
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. Materials and methods

.1. SSFCW assembly

Four wetlands (A, B, C and D) were constructed to evalu-
te the removal of chlorpyrifos and organic matter present in
ynthetic wastewater and operated with continuous horizon-
al flow. This amount of wetlands was used in order to have
ufficient data for statistical analysis. The SSFCW were built in fiber-
lass (1.0 m × 0.6 m × 0.6 m) and were installed in the university
esearch campus of the University of Antioquia, Colombia. The four
etlands were built as replicas, and therefore, during the construc-

ion similar sized gravel was used and the gravel was packed in a
imilar way in each wetland. However, the results of the micro-
iological and physicochemical variables demonstrated that they
ere not exact replicas.

In each wetland granular igneous rock material was deposited
ith a specific gravity of 2.5, a diameter of 3.9–6.4 mm and a

.3 m depth, and a layer of water 0.2 m deep. 12 Phragmites aus-
ralis plants/m2 were sown and were fed at a constant flow
4.6 cm3 min−1) with synthetic wastewater prepared according to
he formula proposed by Dangcong et al. (2000). After achieving
good microbial population in the biofilm of the gravel and the

daptation of the macrophytes, the SSFCW were fed with synthetic
esidual wastewater contaminated with chlorpyrifos. In the influ-
nt of these wetlands, three DOC concentrations were tested whose
edians were 24.6 mg L−1, 100.9 mg L−1, 151.5 mg L−1, values that

re in the range of DOC concentrations in rivers contaminated with
esticides in Colombia. Furthermore 100 mg L−1 as the value of
OC for synthetic wastewater was recommended by Dangcong et
l. (2000), therefore one value above and one below was taken.
ach of the levels of DOC were combined at different times with
hree medians of the pesticide (209.7 �g L−1, 305.5 �g L−1, and
25.6 �g L−1) which were values taken below the maximum pes-
icide solubility in water at 25◦ (Moore et al., 2002) so that the
hlorpyrifos would remain dissolved in the water. DOC concen-
rations were obtained by varying the amount of glucose in the
astewater formula.

.2. Sampling

Thirty-five samples were taken of the influent and effluent of
ach wetland to determine the chlorpyrifos and DOC concentration.
amples were taken 1, 7, 11 and 15 days after the beginning of the
reatment, for six months. Dissolved oxygen (DO), pH, redox poten-
ial, electrical conductivity and water temperature were measured
n situ, following standardized methods (Eaton et al., 2005).

.3. Chlorpyrifos, DOC and nutrient quantification

Chlorpyrifos was quantified with an Agilent Technologies 6840
lus gas chromatographer, an electron micro capture detector,
split/splitless automatic injector, a HP 5 column (5% phenyl-
ethylpolysiloxane) and using helium as a carrier gas. Furnace

emperatures were: initial 60 ◦C for 0 min; ramp 1: 40 ◦C min−1

rom 60 ◦C to 200 ◦C, for 0 min; ramp 2: 10 ◦C min−1 to 240 ◦C, for
min. The Injector and detector temperatures were 290 ◦C and
00 ◦C, respectively. The DOC was quantified in an IO-Analytical
010 organic carbon analyzer, with wet combustion, a non-
ispersive infrared detector and a 10 �L loop.
The investigation was complemented with the quantification of
H4

+, NO3
− and PO4

3− in a Dionex 1000 ionic chromatographer,
ith a conductivity detector, and an anion and cation suppressor
embrane with a 25 �L loop. Furthermore, columns of RFIC-Ion

ac-CS12A 4 mm × 250 mm with a cation pre-column and RFIC-
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Table 1
Descriptive statistics of chlorpyrifos concentration in influent and effluents of SSFCW.

Sampling place N Median (�g L−1) Removal (%) Mean (mg L−1) SDe VCf (%)

Influent 35 268.49 – 297.87 186.43 62.6
WAa 35 9.84 96.3 14.53 11.28 77.7
WBb 35 11.62 95.7 13.82 10.57 76.5
WCc 35 10.00 96.3 12.90 10.86 84.2
WDd 35 9.05 96.6 13.19 10.52 79.8
Average – 10.13 96.2 13.63 – –

Friedman p-Value = 0.798 > 0.05; dfg = 3; Chi2 = 1.011

a Wetland A.
b Wetland B.
c Wetland C.
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d Wetland D.
e Standard deviation.
f Variation coefficient.
g Degrees of freedom.

on Pac-AS14A 4 mm × 250 mm with an anion pre-column were
sed.

.4. Information analysis

To determine the existence of normality in the distribution
f results, the Kolmogorov–Smirnov test was applied (p > 0.05 or
< 0.05). The presence of significant differences was established
y bilateral analysis of variance by the Friedman hierarchy. The
ilcoxon sign test was used to determine the difference between

pecific results (Wayne, 2002). Calculations were made with sup-
ort from the statistical program SPSS®, version 16.

. Results and discussion

The SSFCW had great capacity to remove organic matter and
grochemicals contained in domestic wastewater, given all the
esign and construction characteristics and the functions per-
ormed by each of their constituents (gravel, biofilms, plants, and
epth of the water layer) in the different removal processes of these
ompounds. With the results and analysis which are presented as
ollows, it is demonstrated that SSFCW are highly efficient purify-
ng systems to simultaneously eliminate the pesticide chlorpyrifos
nd dissolved organic matter.

Medians calculated in the influent were used as referents to
etermine the removal percentage of chlorpyrifos and DOC and

ts relationship with the other study parameters. For the efflu-
nts, none of the measured variables followed a normal distribution
Kolmogorov–Smirnov test, p < 0.05). For this reason nonparamet-
ic procedures were applied, using the median of each variable for
he results analysis.

.1. Chlorpyrifos removal in SSFCW

Chlorpyrifos removal in each wetland was high with an average
f 96.2% and its minimum reached 95.7% (Table 1). The standard
eviation and the variation coefficient showed great variability of
esticide concentration in the influent and effluents of the wet-

ands. However, the pesticide concentration medians did not show
ignificant differences (Friedman test, p > 0.05) which indicates rel-
tively homogeneous behavior among them. Moore et al. (2002)
btained similar values for the removal of chlorpyrifos when the

ame type of vegetation was used and Stearman et al. (2003)
chieved a lower removal with different plants (Scirpus validus).

In every SSFCW chlorpyrifos removal was high as a function
f its concentration in the influent (209.7 �g L−1, 305.5 �g L−1 and
25.6 �g L−1). The minimal magnitude (93.6%) was found when

e
T
p
2
(

ig. 1. Chlorpyrifos removal percentage in SSFCW as a function of pesticide con-
entration in influent (209.7 �g L−1, 305.5 �g L−1 and 425.6 �g L−1) regardless of
he DOC.

he wetlands were fed with minimal agrochemical concentration
209.7 �g L−1) (Fig. 1). The maximum (97.8%) was obtained when
ystems were fed with the highest concentration (425.6 �g L−1). At
his concentration, the highest variability in removal efficiencies
as shown. Such efficiencies were probably due to the combined

ction of several processes: (1) decomposition by microorgan-
sms (OPS-OMS, 1999; Cáceres et al., 2007; Lakshmi et al., 2009)
eveloped both in the gravel and in the water which led to the
ineralization of chlorpyrifos (Ongley, 1997; Xu et al., 2007). (2)

hemical degradation of the pesticide produced by hydrolysis, con-
erting it into 3,5,6-trichloro, 2-pyridinol (TCP) (Delgado et al.,
002; Sardar and Kole, 2005; Shemer et al., 2005). (3) Adsorption
f the agrochemical to the granular media and to the roots of the
acrophytes. (4) Absorption into the roots and rhizomes of plants

Subsecretaría de Recursos Hídricos de Argentina, 2005; Moore et
l., 2002) and (5) DOC decomposition generating a double effect in
he chlorpyrifos results.

Although chlorpyrifos is toxic against many microorganisms
Phillips et al., 2003; Castañeda, 2005; López-Mancisidor et al.,
008), microbial communities present in the SSFCW seem to have
dapted to the pesticide and become resistant on the same scale
s its increase in concentration. This behavior was observed previ-
usly by Racke et al. (2005). Published results by Machado (2010)

ven showed that the microbial population continued to grow.
his is attributed to the use of the pesticide and its main decom-
osition product (TCP) as carbon and energy sources (Fang et al.,
008), which probably accelerated the removal of both analytes
Subsecretaría de Recursos Hídricos de Argentina, 2005).
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DOC removal was high in each wetland, as a function of chlor-

T
D

ig. 2. Medians of chlorpyrifos concentration in influent and effluents of SSFCW
s a function of DOC concentration in influent (24.6 mg L−1, 100.9 mg L−1 and
51.5 mg L−1).

Medians of chlorpyrifos concentration were low in each SSFCW
ffluent as a function of DOC concentration in the influent
24.6 mg L−1, 100.9 mg L−1 and 151.5 mg L−1) (Fig. 2). The min-
mum percentage (93.2%) was found when the wetlands were
ed with an intermediate DOC concentration (100.9 mg L−1). The
ighest chlorpyrifos removal efficiency (97.4%) occurred when the
etlands were fed with the maximum experimented DOC concen-

ration (151.5 mg L−1). This behavior suggests that the presence of
higher amount of dissolved organic matter could have increased

he dynamics of microbial communities, encouraging the con-
umption of available organic material, including chlorpyrifos. It
ould also have made it easier for a greater amount of pesticide to
dhere to organic colloids and to the different components of the
etlands.

Previous studies (Brock et al., 1992; Racke, 1993; Giesy et al.,
999; Huang and Lee, 2001; Shing et al., 2003) demonstrate that
hen adhered to organic matter, chlorpyrifos inhibits the degrada-

ion process which removes it from water. In the studied SSFCW,
uspended organic matter was present which resulted from the
ecomposition of the macrophytes and the biofilm detachment. As
consequence of the interference in the agrochemical degradation

rocess and its accumulation in the sediment layer, the concentra-
ion of chlorpyrifos in the effluents could have been reduced.

The average of the medians of chlorpyrifos in the SSFCW efflu-
nts (10.13 �g L−1) (Table 1) was inferior to that established by

p
a
a
r

able 2
escriptive statistics of DOC concentration in influent and effluents of SSFCW.

Sampling place N Median (mg L−1) Remo

Influent 35 100.44 –
WAa 35 8.20 91.8
WBb 35 6.26 93.8
WCc 35 6.44 93.6
WDd 35 6.23 93.8
Average – 6.78 93.2

Friedman p-Value

a Wetland A.
b Wetland B.
c Wetland C.
d Wetland D.
e Standard deviation.
f Variation coefficient.
g Degrees of freedom.
ig. 3. DOC removal percentage in SSFCW as a function of chlorpyrifos concen-
ration in influent (209.7 �g L−1, 305.5 �g L−1 and 425.6 �g L−1) regardless of the
OC.

he international standard which regulates the quality of water for
uman consumption (30 �g L−1, US-EPA, 2006) and by the Colom-
ian standard for organophosphates in water resources (50 �g L−1,
epública de Colombia, decreto 1594, 1984). This fact, together
ith previous results, suggests that horizontal sub-surface flow

onstructed wetlands are effective systems for the purification
f water contaminated with pesticides and allow the reuse of
astewater for many purposes (Ayaz, 2008).

In the SSFCW, chlorpyrifos removal was high with any concen-
ration of the pesticide (Fig. 1) and of DOC in the influent (Fig. 3).
ll wetlands showed similar behavior.

.2. DOC removal in SSFCW

DOC removal in all the wetlands was high, with an average
alue of 93.2% and its minimum magnitude reached 91.8% (Table 2).
tandard deviation and the variation coefficient indicated a great
ariability of DOC concentration in the influent and effluents of the
SFCW. These differences were confirmed by Friedman (p < 0.05)
nd in pairs by Wilcoxon. However, they were neither technically
or environmentally significant. Similar results were obtained by
aselles and García (2005) in their study with wetlands in similar
onditions, where DOC removal reached 88.0%.
yrifos concentration in the influent (209.7 �g L−1, 305.5 �g L−1

nd 425.6 �g L−1). With the lowest concentration of pesticide
dded to the influent (209.7 �g L−1) the maximum DOC (94.5%)
emoval was accomplished and with the highest (425.6 mg L−1), the

val (%) Mean (mg L−1) SDe VCf (%)

90.66 53.0 58.5
10.45 7.4 71.0

8.37 6.4 76.3
9.08 7.7 84.8
8.07 5.7 71.1
8.99 – –

= 0.000 < 0.05; dfg = 3; Chi2 = 31.282



R.M. Agudelo et al. / Ecological Engin

F
c

m
m
s
t
p
(
c
e

t
(
p
t
w
t
o
c
(
t
i
b
a
d
h
c
s
c

t
t
b
i
o
t
d
a

i
t
a
r
i
b

t
D
o
d
a
w
t
(
V

i
S
a
t
2
c
a
K

3
r

i
g
t
a
d
h
o
o

a
d
(
m
t
R
a

(
o
w
b
P
d

w
m
D
h
(
r
a
c

e
R
p
F
indicators of aerobic, anaerobic and anoxic reactions that occur in
ig. 4. Medians of DOC concentration in effluents of SSFCW as a function of DOC
oncentration in influent (24.6 mg L−1, 100.9 mg L−1 and 151.5 mg L−1).

inimum removal was achieved (91.2%) (Fig. 3). Applying Fried-
an showed that varying pesticide concentration produced no

ignificant differences in DOC. When increasing pesticide concen-
ration, efficiency of DOC removal decreased, probably because the
esticide interfered with the metabolism of the microorganisms
Fang et al., 2008) or because there was a small quantity of organic
arbon in the effluent due to chlorpyrifos that had not degraded,
specially in tests with the highest pesticide concentrations.

DOC concentration medians were low in every effluent of
he SSFCW as a function of DOC concentration in the influent
24.6 mg L−1, 100.9 mg L−1 and 151.5 mg L−1) (Fig. 4). The minimum
ercentage (72.0%) was achieved when the wetlands were fed with
he first DOC concentration (24.6 mg L−1), probably because there
as not enough available carbon to stimulate the metabolism of

he microorganisms. The highest DOC removal efficiency (96.0%)
ccurred when the wetlands were fed with an intermediate DOC
oncentration (100.9 mg L−1). With maximum DOC concentration
151.5 mg L−1) a lower removal was achieved (89.7%) since satura-
ion of the media with the substrate could have occurred thereby
nhibiting microbial activity due to the pollutant concentration
eing the highest (López-Mancisidor et al., 2008) (Fig. 4). Therefore,
n intermediate DOC concentration in the influent was the optimal
ose for the best removal of organic matter. Likewise, one of the
ighest removals of chlorpyrifos was achieved with the same DOC
oncentration (100.9 mg L−1) (Fig. 2), possibly caused by a more
table bacterial dynamic which was not affected by the pesticide
oncentration, under the conditions used in the SSFCW.

In the SSFCW DOC removal was high with any concentration of
he pesticide (Fig. 3) and DOC in the influent (Fig. 4), which is to say
hat simultaneously high efficiencies were shown in the removal of
oth compounds in these wetlands. There is no doubt that all work-

ng conditions of each wetland favored the removal simultaneity
f both chlorpyrifos and DOC. This occurred essentially because of
he action of microorganisms which made up the biofilm that was
eposited on the granular material and the plant roots (Ottová et
l., 1997; Morató et al., 2005; Tao et al., 2007).

During the treatment of water contaminated with chlorpyrifos
n the same SSFCW, Machado (2010) identified some of the bac-
erial population found in the biofilm that was maintained during

ll treatment experiments. Examples are the: total heterotrophic,
evivable heterotrophic, facultative sporulated, nitrifying, total col-
forms and Pseudomonades bacterial families, showing that these
acteria were resistant to the pesticide and probably took advan-
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age of the DOC and the carbon in chlorpyrifos for their growth.
epending on the type of bacteria, this consumption was carried
ut by aerobic processes, either facultative or anoxic, in accor-
ance with the amount of DO in the water column (Kadlec et
l., 2000; Vymazal and Kröpfelová, 2008a,b; Aguirre, 2004). This
as confirmed in the work presented here where redox poten-

ial was different in the water column and along the wetland
Ponnamperuma, 1972; Ottow and Fabig, 1985; Richardson and
epraskas, 2000; Dusek et al., 2008; Lahora, 2003).

Additional unpublished tests carried out in this investigation
ndicate that the roots and rhizomes of P. australis used in the
SFCW participated considerably in the removal of chlorpyrifos
nd DOC. Several investigations confirm that wetlands sown with
his kind of plant (Sorrel et al., 1997; Duan et al., 2009; Vymazal,
009) have a great capacity to remove a broad variety of organic
ompounds present in wastewater (Lee et al., 2004; Masbough et
l., 2005; Matamoros et al., 2008; Tee et al., 2009; Vymazal and
röpfelová, 2009).

.3. Physicochemical parameters related to simultaneous
emoval of chlorpyrifos and DOC in SSFCW

Average temperature in the influent (21.2 ◦C) was higher than
n the effluents (20.8 ◦C) (Table 3). This probably happened because
ravel in the SSFCW absorbed energy and slightly cooled the sys-
em. The DO showed a reduction of 58.5%, essentially because
erobic and facultative bacteria consume oxygen during the degra-
ation of chlorpyrifos and DOC. This also, to a lesser extent, may
ave decreased the solubility of oxygen because of the presence
f salts (electrical conductivity increased along the wetlands) and
ther compounds (Seoánez, 1999).

PH decreased by 1.9, indicating that these systems became more
cidic since substances such as organic acids were produced in the
egradation of organic matter. PH values obtained in the effluents
average 5.0, Table 3) were close to the lower limit of the range per-

itted by international requirements (pH from 5.0 to 9.0, according
o US-EPA, 1998) and the Colombian standard (pH from 4.5 to 9.0,
epública de Colombia, decreto 1594, 1984) for water reuse in
gricultural irrigation systems.

The very strong increase in electrical conductivity of the SSFCW
1182.5 �S cm−1 to 3510.0 �S cm−1) was due to mineralization of
rganic compounds that contributed ions and salts, and to the CO2
hich then formed bicarbonates (Lahora, 2003). It could have also

een increased by decomposition of submerged roots and stems of
. australis that formed humic acids or by the release of substances
uring the growth of the roots and rhizomes (Kadlec et al., 2000).

Nutrients such as nitrates and phosphates decreased in each
etland (Table 3) because they were taken in by plants and
icroorganisms (Aguirre, 2004) and favored the pesticide and
OC degradation. The median of ammonium concentration was
igher in the effluents (112.9 mg L−1) than it was in the influent
95.4 mg L−1) of the SSFCW, maybe because of the accumulated
esidual quantity which was not used by microorganisms, as well
s that formed in the degradation of the chlorpyrifos and by the
ontribution of plants (Table 3) (Jiménez et al., 2005).

Redox potential values (Eh) show that in the SSFCW efflu-
nts, reductive conditions were generated (Ponnamperuma, 1972;
ichardson and Vepraskas, 2000; García et al., 2004), which were
robably favored by the decrease of DO in the water (Ottow and
abig, 1985; Piriz, 2000; Dusek et al., 2008). Redox gradients are
etlands and predict the emission of undesirable odors (Aguirre,
004). In the SSFCW, redox potential values fluctuated between
6.2 and −58.5 mV demonstrating that their average values became
noxic.
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Table 3
Descriptive statistics of physicochemical parameters related to chlorpyrifos and DOC in influent and effluents of SSFCW.

Place Variable Units N Mean Median Minimum Maximum SDa VCb (%)

Influent

Room Tc ◦C 35 19.6 19.1 17.0 23.0 1.42 7.25
DOd mg L−1 35 5.4 6.5 1.2 7.3 1.80 33.04
pH Unidades 35 6.6 6.9 4.8 7.1 0.49 7.42
Cond.e �S cm−1 35 1445.4 1182.5 1062.5 2890.0 526.76 36.44
TDSf mg L−1 35 1455.1 1182.5 1062.5 3065.0 551.53 37.90
Water T ◦C 35 21.1 21.2 19.7 23.8 0.99 4.70
PO4

3− mg L−1 35 4.5 3.1 1.6 13.9 2.96 66.30
NO3

− mg L−1 35 0.2 0.1 0.0 0.7 0.25 115.62
NH4

+ mg L−1 35 124.6 95.4 29.9 709.8 126.23 101.29
Redox mV 14 81.2 76.2 −27.5 210.5 78.18 96.22

Effluents

Room T ◦C 140 19.6 19.5 17.0 23.0 1.39 7.07
DO mg L−1 140 2.5 2.7 1.1 3.8 0.69 27.40
pH Unidades 140 4.9 5.0 3.7 6.2 0.73 14.90
Cond.c �S cm−1 140 3188.9 3510.0 662.0 5740.0 1.259.66 39.50
TDS mg L−1 140 3655.2 3870.0 662.0 6660.0 1.590.02 43.50
Water T ◦C 140 20.8 20.8 18.5 22.8 0.96 4.60
PO4

3− mg L−1 140 0.1 0.0 0.0 0.4 0.07 134.60
NO3

− mg L−1 140 0.0 0.0 0.0 0.7 0.11 359.20
NH4

+ mg L−1 140 115.4 112.9 0.0 286.4 78.61 68.10
Redox mV 56 −39.9 −58.5 −161.0 207.0 81.46 −204.00

a Standard deviation.
b Variation coefficient.
c

4
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Temperature.
d Dissolved oxygen.
e Electrical conductivity.
f Total dissolved solids.

. Conclusions

The SSFCW used in this investigation showed high efficiencies
or the simultaneous removal of the pesticide chlorpyrifos and DOC
n wastewaters, with values of 96.2% and 93.2%, respectively.

It was found that as the concentration of DOC increased, removal
f the chlorpyrifos increased, which is consistent with the bio-
timulation in bioremediation processes of soils contaminated with
esticides, when an additional source of readily biodegradable car-
on is added.

It was also found that the DO, pH, electrical conductivity and
edox potential is related to the removal of chlorpyrifos and DOC.
his is because they influence the degradation, hydrolysis and
icrobial population, among other factors. These parameters influ-

nced the degradation of the substances involved.
Furthermore, the nutrient removal by these systems was high

ue to their being the basic compounds for the survival of microor-
anisms, whose participation in chlorpyrifos and organic matter
egradation was very important.

Given the SSFCW characteristics regarding gravel size, height of
he water layer and plants, simultaneous removal processes of all
ubstances were accomplished by microbial degradation, chemical
eactions, adsorption processes in the gravel and plant roots and
bsorption to the rhizomes and roots of the P. australis.
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