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ABSTRACT

The removal efficiency of Cu and Zn from swine wastewater was evaluated as effected by three variables: the hydraulic
retention time (HRT) (24, 48, 72 and 96 hours), two different plant species (Typha domingensis Pers. and Eleocharis
cellulosa) and two different sizes of filter media (5 and 15 mm) using a horizontal sub-surface flow constructed wetland.
From the results, a significant difference was observed in the removal efficiency of Cu and Zn with respect to different
hydraulic retention times. The best results were obtained in the HRT of 96 hours for Zn where 96% removal of Zn with
Typha domingensis Pers. specie with gravel of 15 mm (experimental unit 6) was achieved. For Cu, at 72 hours of HRT,
the efficiency was nearly 100% in five of the six study units (1, 2, 3, 5 and 6). In contrast, in experimental unit 4 with
gravel of 15 mm and without plants, only 86% Cu removal was achieved.
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1. Introduction

Quality water is primordial for life. In Mexico, the aqui-
fer resource is scarce and drinking water is expensive.
That implies the necessity to carry out regulatory actions
in order to protect this resource. Water can be exposed to
many forms of contamination, mainly by anthropogenic
sources such as domestic, industrial, and agricultural.
Among animal activities developed in the country, swine
production is important. It generates direct (49,000) and
indirect (245,000) employees [1].

The state of Yucatan occupies fifth place at a national
level in pig production with 128,979 tons yearly (DWT)
[2]. According to Méndez et al. [3], there are 470 pig
farms in the state, classified by the Agricultural Ministry
(SAGARPA) as 393 small, 27 medium, 40 big and 10
mega. Drucker et al. [4] and Mendez et al. [3] estimate
that the daily generated wastewater from local swine
farms is in the range of 17 - 62 liters per animal weight
unit (100 kg live weight per pig per day). That makes a
total amount of 3385 tons of solids and a range of 9428
m>/d to 16,700 m*/d of swine wastewater.

It must be taken into account that the number of con-
fined animals rose on farms and they need to be supple-
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mented with formulated diets to achieve the necessary
nutrients in accordance to their growth periods. These
elements include heavy metals (HMs) like Zn and Cu in
the pig diets [5]. Wastewater discharges containing high
concentrations of organic material, pathogens and heavy
metals become a source of dangerous contamination [6].
These toxic contaminants can filter easily into the ground-
water in limestone soils with fractures and fissures which
present high permeability as occurs in Yucatan State [7].
On average these swine wastewaters show the following
values: COD 32612.20 mg/L, BOD 5496.03 mg/L, fats
and oils 550.10 mg/L, TSS 7554.80 mg/L, TKN 880.75
mg/L and TP 18.69 mg/L [8].

The increased concentration of chemical products in
certain places produces bioaccumulation in organisms [9]
with the consequent poisoning risk for the environment
and in links of the food chain. This problem is aggra-
vated by the lack of or ineffective swine wastewater treat-
ment.

Different technologies to remove contaminants from
wastewater have been proved worldwide. Constructed
wetlands (CWs) have been employed for a variety of
purposes, from the rehabilitation of contaminated areas
or more specific functions such as the treatment of do-
mestic, storm water, agricultural and industrial wastewa-
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ters [10]. Initially they were employed for the degrada-
tion of organic substances and nutrients [11-13] subse-
quent to the removal of pathogens [14]. In recent years
they have been employed for the removal of toxic pol-
lutants such as HMs [15,16], mainly from industrial waste-
water.

Different types of CWs are currently in operation,
ranging from free water surface (FWS) over horizontal
sub-surface flow (HSSF) to vertical sub-surface flow
(VSSF) and combinations of these types.

Several encouraging results have been reported from
the use of different types of CWs. For instance, accord-
ing to Vymazal and Kropfelova [16], the FWS wetlands
have been employed primarily to treat wastewater with
high concentrations of HMs because the metals precipi-
tate in aerated water as oxides, hydroxides and oxyhy-
droxides. In contrast, wetlands with HSSF, found mainly
in anoxic/anaerobic conditions, remove the metals by
precipitation as sulfides. Other ways, Lim et al. [17] have
worked in Malasia with a small HSSF-CW to remove
trace metals, reporting a removal efficiency of over 99%
for Cd, Pb and Zn. In addition, Kropfelova et al. [18],
applying three HSSF-CWs for trace metal removal from
municipal wastewater, got on average 78% removal of
Zn and 50% - 75% of Cu and Cd. It has been determined
that the removal processes of contaminants in wetlands
are physical, chemical and biological. These affect the
mobilization-immobilization of metals [19].

The main physical process in the removal of HMs in
natural and CWs is sedimentation [20]. According to
Gambrell [21], soil texture and ratio of sand, silt and clay
are very important for the immobilization of HMs. The
fine-grained sediment containing a significant amount of
organic matter tends to accumulate metals, in contrast to
a coarse texture filter media which has a low affinity to
accumulate metals.

The chemical removal processes include adsorption,
absorption, oxidation, hydrolysis, precipitation, co-pre-
cipitation and involve some inorganic chemicals such as
carbonates and sulfides. Wetlands with a suitable sub-
strate promote the growth of sulfate reducing bacteria
(SRB) which are found in anaerobic conditions. These
bacteria produce hydrogen sulfide and many HMs can
react with hydrogen sulfide to form metal sulfides which
are highly insoluble, such as CuS, ZnS, NiS, PbS [19].

Finally, the assimilation of metals by plants is the
main biological process and perhaps is the most impor-
tant means of removing HMs from wetlands. Plants are
involved in the entry of oxygen into the root zone
(rhizosphere) which allows the assimilation of nutrients
and direct degradation of pollutants [22]. Therefore, plant
species in a constructed wetland could play an important
role in removal of HMs from wastewater.

These results indicate that the use of constructed wet-
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lands is an alternative for the treatment of wastewater
from the swine industry. Hence, the objective of this
study was to evaluate the effect of plant species, filter
media and hydraulic retention time (HRT) with respect to
the removal of HMs, Cu and Zn, from wastewater of the
pig sector using a system of HSSF-CW to reduce the
negative impact generated by these metals in the envi-
ronment.

2. Materials and Methods

2.1. Experimental Design Applied in the
Constructed Wetlands

Six experimental units (EUs), in small scale, were con-
structed at Faculty of Engineering, Autonomous Univer-
sity of Yucatan, located in Yucatan, Mexico (N21°02'
56.40", W89°38'34.52"). Their dimensions were 2.10 m
long, 0.60 m deep, 0.70 m wide and the volume of gravel
was 0.37 m’ for each EU. The inlet volume of wastewa-
ter in each unit was 150 L for each different HRT: 24, 48,
72 and 96 hours (Table 1). After every HRT employed,
the total volume treated was removed and these units
were operating like batch systems.

2.2. Collection of Plant Species and
Acclimatization

Both species of plants were collected from an artificial
lagoon named “Acuaparque” in Merida, Yucatan, Mexi-
co, trying to favor the use of plants of this local region.
150 L of natural water was added to each experimental
unit in order to gain acclimatization after collection.
Every other day, the total amount (150 L) of natural wa-
ter was gradually replaced by 10%, 20%, 30%, etc., of
swine wastewater until reaching 100% of this wastewater
by the first month. After that time, the nutrition of the
plants was gotten only by using swine wastewater main-
taining the total volume of 150 L per unit. The acclima-
tization time of plants was determined to be when the
plants were green, growing and with the presence 60
plants per experimental unit. These qualitative parameters

Table 1. Experimental design applied in the constructed
wetlands.

EU  Plant species Filter media HRT (hours)

1 Eleocharis c. Fine gravel (5 mm) 24,48, 72 and 96

2 Typha d. Fine gravel (5 mm) 24, 48, 72 and 96

3 Without plants  Fine gravel (5 mm) 24,48, 72 and 96

4 Without plants Coarse gravel (15 mm) 24, 48, 72 and 96

5 Eleocharisc.  Coarse gravel (15 mm) 24,48, 72 and 96

6 Typha d. Coarse gravel (15 mm) 24, 48, 72 and 96
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were observed to be achieved at three months.

2.3. Analytical Procedures

1 ppm of the metal to be analyzed was added to each
sample so that the sample concentration was in the opti-
mum detection level of the employed spectrophotometer
(atomic absorption with flame detection from Varian
trademark, model 240FS). The standard addition tech-
nique was taken into account since the result contained
the amount added (fixed concentration) plus the amount
of the original sample.

The relation of nitric acid (HNO3) and perchloric acid
(HCIO,) was 6:1 during the digestion of the samples and
the concentration of Zn and Cu was determined by ap-
plying the method for air-acetylene flame atomic absorp-
tion spectrophotometry according to Standard Methods
[23].

2.4. Characterization

In order to know the variability of HMs (Cu and Zn) in
the swine wastewater generated daily on the farm, the
characterization was carried out during nine days (Mon-
days, Tuesdays and Thursdays) in a period of three
weeks. The analysis during characterization of Cu and Zn
was determined by applying the method for air-acetylene
flame atomic absorption spectrophotometry.

2.5. Sampling

The monitoring time for this study was during the months
of January to April 2010, corresponding to the dry season.
The residual water was taken from the main sump, which
contains the total daily generated volume of wastewater
on the farm.

One day before starting the experimental sampling for
each HRT in wetlands, around 1000 L of swine waste-
water was collected. This wastewater was put into two
settling tanks to separate thick solids over a 24 hour pe-
riod. After this time, each experimental unit was filled
with 150 L.

The sample volume for laboratory analysis of the input
(influent) and output (effluent) line was 1 liter per unit.
The input sample was taken from the output current of
the settling tanks at intervals of approximately 200 mL.
The effluent sampling was done similarly to that of the
influent with variation of the partially opened discharge
valve in order to prevent a drag on the biofilm support.
The heavy metal analyses were performed using the
same analytical technique employed in the characteriza-
tion.

2.6. Statistical Analysis

Statistical analysis was carried out using the Statgraphics
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Plus 5.1 software. Since the HMs concentration values in
the influent and effluent were not normally distributed, the
nonparametric Kruskal-Wallis test according to Mont-
gomery [24] was applied.

3. Results and Discussion
3.1. Characterization

Comparing the HMs results in swine wastewater ob-
tained in the present study during it is characterization
with the Mexican Official Standard (NOM-001-ECOL-
1996) [25], five of the nine results for Zn and Cu were
found to be above the permitted limit (10 and 4 mg/L,
respectively). The highest HM concentration found in
this work was 327 mg/L for Zn and 5.14 mg/L for Cu.
That shows a wide variability of HMs concentration that
is being discharged in swine wastewater with a high
negative impact for the environment. Table 2 shows that
the concentration of Cu and Zn in this study was higher
than in other studies which used a different wastewater.

As shown in Table 2, information is scarce about the
CWs employed in treatment of HMs in swine wastewater
because most CWs are employed to treat organic sub-
stances, nutrients and pathogens in swine wastewater
[29,30].

3.2. Removal Efficiencies of Zn

The results in Figure 1 show the obtained removal of Zn
in each of the experimental units considering the combi-
nation of different factors like type of plant species, dif-
ferent size of filter media, and the HRT employed.

It was observed that in the 24 hour HRT, the best Zn
removal achieved in units 1, 2, 5 and 6 was 89% and the
lowest removal observed was in unit 3 (considered as
control with fine gravel support media (FG) and without
plants) with 79%.

The decreased removal percentage observed in the 48

Table 2. Comparison between the average inlet concentra-
tions of HMs in this study with the concentrations obtained
by other authors.

Inlet concentration (mg/L)

Reference Wastewater
Cu Zn
Maine et al. [26] Industrial® N.d° 0.06
Lesage et al. [27] Domestic 0.02 0.13
Kropfelova et al. [18] Domestic 0.03 0.16
Yeh et al. [28] Swine” 0.64 0.37
This study Swine 3.10 54

*Metallurgic Industry; "River water contaminated by confined swine opera-
tions; “Not determined.
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Figure 1. Results of the removal of Zn during the pilot
phase.

hour HRT was possibly due to the high evapotranspira-
tion at that time. This is in contrast with the other mea-
sures of HRTs which caused a concentration of HMs in
the wetland and a decrease in removal percentage. Dur-
ing the 72 hour HRT, the best Zn removal efficiencies
were obtained in the experimental units with the plant
species Eleocharis cellulosa, having a 92% removal in
the EU 1 with FG and 91% removal in the EU 5 with
coarse gravel (CG).

Finally, in the 96 hour HRT a 96% removal of Zn in
the EU 6 which contained the plant species Typha domin-
gensis Pers. with CG was obtained and the lowest re-
moval efficiency was achieved in the EU 2 with the spe-
cies plant Typha domingensis Pers. with FG.

The results obtained in this paper about Zn removal
efficiencies employing a 96 hour HRT were higher than
other studies. A study in Argentina which assessed the
feasibility of treating industrial wastewater within a small
scale constructed wetland got an average removal effi-
ciency of Zn of 59% [26]. In Flanders, Belgium, a study
evaluated a HSSF-CW to treat domestic wastewater and
obtained an 85% of removal efficiency of Zn [27]. Fi-
nally, Yeh et al. [28] evaluated three surface flow wet-
land systems in Taiwan and obtained a 92% Zn removal
rate in constructed wetlands.

3.3. Removal Efficiencies of Cu

Figure 2 shows the obtained removal of Cu from the EU
considering a combination of different factors like type
of plant species, different size of filter media and HRT
employed.

For the 24 hours HRT, the highest removal percentage
of Cu (94%) was obtained in unit 2 with the species Ty-
pha domingensis Pers. and FG. The lower removal per-
centage was 50% in the EU 3 which was considered as
the control with FG and without plants.

In the 48 hour HRT, 88% removal of Cu in the EU 5
with a media size filter of 5 mm and plant species Eleo-
charis cellulose was obtained. The lowest percentage of
removal (58%) was found in the EU 6 with the combina-
tion of Typha domingensis Pers. and CG.

Copyright © 2012 SciRes.

Figure 2. Results of the removal of Cu during the pilot
phase.

During the 72 hour HRT, a value very close to 100%
removal of Cu in almost all experimental units was ob-
tained except for the EU 4 (86%) which contained CG
and without plants.

The 96 hour HRT reached 98% removal of Cu in the
EU 3 and 6. The lowest removal (77%) was achieved in
the control with CG and EU 5 and with the plant species
Eleocharis cellulosa with CG.

3.4. Effect of Hydraulic Retention Time

The optimum HRT obtained for removal of Zn was at 96
hours and with respect to Cu the highest removal effi-
ciency was obtained in the HRT of 72 hours. These re-
sults were verified employing a statistical analysis which
indicated that different hydraulic retention times em-
ployed have a statistically significant effect between the
median removal efficiencies for both metals with 95%
confidence, since the p-values (0.00413157) and
(0.000553874) were lower than 0.05 for both HMs.

3.5. Effect of Planted Species

Applying a difference between the results obtained of
percentage removal for the experimental units that con-
tained the same gravel size as the experimental units em-
ployed as control, it is possible to know the influence of
plants on the percentage removal of HMs. These results
are shown in Figures 3 and 4.

In Figures 3 and 4 it is shown that during the 24 and
48 hour HRT there is a remarkable influence of the
plants on the removal of both metals. When HRT was
increased, the influence of plants for HMs retention was
reduced. That could point out that an adsorption process
is occurring by the plants to retain metals, but the as-
similation of metals is not taking place. In addition, pre-
vious research has demonstrated a high accumulation of
HMs in roots (underground) in contrast with the concen-
tration accumulated in the leaves and stems (above-
ground) [26-28].

In this aspect, Maine et al. [26] evaluated a combina-
tion of two plant species, Typha domingensis Pers and E.
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Figure 3. Influence of plant species in the removal of Zn.
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Figure 4. Influence of plant species in the removal of Cu.

crassipes (water hyacinth) in a FWS wetland to treat ef-
fluent from a metallurgic industry. They measured the
concentration of Zn in roots and leaves of plants after 1
year of operation. It was found that the root of Typha
domingensis Pers. accumulated a concentration of 69
pg/g with respect to the initial (60 pg/g) and final (129
ng/g) concentration. As for Zn accumulated in the root of
the plant species E. crassipes, the values obtained were
lower in the final concentration (15 pg/g) with respect to
the starting concentration (35 pg/g). Therefore, this ex-
plains that roots of E. crassipes were not able to assimi-
late the metal. Finally, the leaves of both plant species
were not able to assimilate the Zn because the concentra-
tion of Zn obtained in the leaves at the end of period was
lower than initial concentration.

Moreover Liu et al. [15] investigated the accumulation
of Cd, Pb and Zn in 19 different plant species in a small-
scale constructed wetland in Changzhou, China. They
added artificial wastewater with a concentration of Cd,
Pb and Zn of 0.5, 2.0 and 5.0 mg/L, respectively. The
accumulated concentration of HMs in the under-ground
part, aboveground part and the whole plant was different
among 19 species of plants. A removal efficiency of over
90% of the metals in the wetland was obtained. The ac-
cumulated percent of HMs in plants was 19.85% of Cd,
22.55% of Pb and 23.75% of Zn with respect to the con-
centration added to water initially. This explains that
plant species selected to be used in constructed wetlands
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will influence removal efficiency of HMs from waste-
water and the operation of the wetland system.

3.6. Effect of Filter Media Size

There are few studies that have assessed together the
characteristics of different sizes and types of filter media
in constructed wetland.

Kropfelova et al. [18] employed three HSSF-CWs
with the plant species Phragmites phalaris to evaluate
the influence of filter media size in the removal of Zn
and Cu from municipal wastewater for a period of 2
years. The authors employed three different CWs. The
first wetland, called Biehov, contained gravel of 4 - 8
mm filter media and the percent of removal was 86% for
Zn and 84% for Cu. The second wetland, called Mofina,
contained crushed rock of 4 - 8§ mm and the percent of
removal obtained was 90.5% for Zn and 73.8% for Cu.
Finally, the third wetland, called Slavosovice, contained
gravel of 3 - 20 mm and reached 58.3% and 41.7% re-
moval for Zn and Cu, respectively. Kropfelova et al. [18]
obtained higher removal efficiencies in the CWs with
finer gravel, but they did not explain if they used statisti-
cal methods to obtain the influence of gravel size with
respect to the removal percentage.

In this paper, particle size of filter media had no statis-
tically significant difference with respect to percentage of
removal for both HMs, but the greater averages were
recorded with the fine gravel of 5 mm such as the results
obtained by Kropfelova et al. [18].

By comparing the results obtained for removal of Zn
and Cu in this paper employing a gravel size of 5 mm
and the results shown by Kropfelova et al. [18] corre-
sponding to the size of gravel of 4 - 8 mm, we can see
that both results were very satisfactory. However, in this
paper, the results obtained in the CWs with filter media
size of 15 mm were higher than obtained by Kropfelova
et al. [18] in the wetland that contained a gravel size of 3
- 20 mm.

Therefore, constructed wetlands with the finer filter
media allowed for retention of metals more effectively
because the empty spaces between stacked gravel are
smaller. According to Grambrell [21], fine textured soils
containing an appreciable organic matter content tend to
accumulate contaminants; nevertheless, they create a
clogging effect in less time because retained solids are
higher in comparison with the retained solids in a coarse
gravel.

4. Conclusions

Over 50% of the samples analyzed for Zn and Cu from
swine wastewater during characterization were above the
permitted limits of NOM-001-ECOL-1996.

Comparing systems with vegetation and without vege-
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tation, there was a considerably greater efficiency in the
removal of Zn and Cu in the experimental units with
plants.

Considering the four different HRT employed during
the pilot phase, 24, 48, 72 and 96 hours, higher removal
efficiency was achieved in the HRT 96 hours for Zn and
in the case of Cu the highest efficiency was recorded in
the HRT of 72 hours. Therefore, HRT is a factor to take
into account in order to achieve the desired removal.

Although, the particle size of filter media had no sta-
tistically significant difference with respect to the per-
centage of removal of metals. Greater averages were re-
corded with the fine gravel of 5 mm.

The results of this research indicated that CWs could
be a very useful tool for the removal of HMs like Zn and
Cu in swine wastewater.
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