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Los paises con economias emergentes como México, tanto desde el punto de vista econémico como tecnolégi-
co encaran problemas de disposicién de aguas residuales no tratadas o pobremente tratadas. Los humedales
artificiales (HA) o construidos (HC) pueden representar una opcidn para sus comunidades rurales ya que inte-
gran procesos fisicos, quimicos y biolégicos logrando la remocién de contaminantes presentes en las aguas
residuales, pudiéndose utilizar una vez tratadas para uso agricola o industrial. Se realizaron experimentos con
reactores a escala de laboratorio y de banco para evaluar el papel que juegan las plantas acudticas (Phragmites
australis, Typha latifolia, Thalia geniculata) en la remocién de contaminantes medidos como demanda quimica
de oxigeno soluble (DQO,_,, ), conductividad eléctrica (EC), nitrégeno (N) y evaluando también potenciales de
oxidacién-reduccion o redox (E,), RA, ,, empleando controles sin macrofitas, RA_ ,, todos empacados con esco-
ria volcdnica (i.e., tezontle en Néhuatl, la lengua azteca) con capas de diferentes granulometrias. Los reactores
fueron iluminados durante 16 horas por dia empleando Idmparas de tubos fluorescentes con caracteristicas
similares a la luz natural. Ambos, los sistemas con y sin plantas se mantuvieron inundados para eliminar el
ingreso de aire por conveccién. Se utilizé agua residual sintética preparada diariamente disolviendo sacarosa,
(NH,),SO, y Na,PO, con una DQOsoluble experimental promedio de 450 mg/l. los tiempos de residencia
hidréulica (TRH) de los reactores de laboratorio fueron de 0.5 y 1 dias. Los reactores a escala de banco tenian
valores de TRH de 14.7 y 21 d (tasas de flujo de 10y 7L d"'). Se tomaron muestras de agua residual a la salida
de cada reactor y a las profundidades de 2, 10 y 30 cm respecto al nivel del agua de los reactores para poder
observar el perfil de remocién del nitrégeno (nitrégeno total Kjeldahl, NTK], la DQO__,, ., la CE y los potenciales
redox, pE,,empleando metodologia estandarizada para la determinacién de la DQO,_,,, y nitrégeno y para
las medicién de la CE y los pE, se emplearon electrodos comerciales. Las comunidades microbianas que proli-
feraban en la zona radicular fueron recolectadas al terminar los experimentos. Los métodos para su evaluacién
fueron: (a) Preparaciones frescas, (b) Tincién diferencial y Gram y (c) Inoculaciones en medios selectivos. Se
usaron para la parte (c) dos técnicas, aislamiento por cuadrantes y extensién superficial, usando diferentes can-
tidades de inéculo (una muestra microbiolégica con un alambre de platino para el aislamiento por cuadrantes
y un volumen de muestra fijo de 0.1 ml por placa para la extensién superficial. Los cultivos fueron incubados
por 24 horas a 37°C. Los resultados obtenidos indican que los reactores (RA, ,) mostraron los valores mds altos
para la remocién de NTK (90 y 80%), 54% para DQO,_,, .y 9.3% para la CE y los valores de pE, presentaron
un comportamiento oscilante a 10 cm de profundidad (en la zona radicular) para los reactores con planta de-
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mostrando el efecto fotosintético en la iluminacién y oscuridad, respectivamente, comparados con los reactores
control (RA_,) sin planta (38.1% para DQO,,,,. y 4.4% para CE). El andlisis de los resultados indica que estas
diferencias fueron estadisticamente significativas (P<0.05). Los valores de DQQO,,,.y CE disminuyen a medida
que la profundidad es mayor siendo mayor la remocién de ambos parémetros a la profundidad de 10 cm para
el reactor con planta resaltando la importancia de la zona radicular de la planta en la eficiencia de remocidn
del sistema. Las comunidades microbianas con bacterias Gram () fueron mds abundantes en la zona radicular
comparadas con los reactores control a escala de laboratorio.

Palabras clave: Remocién de contaminantes, nitrégeno total Kjeldahl, demanda quimica de oxigeno, conduc-
tividad eléctrica, potenciales redox, comunidades microbianas en la zona radicular, humedales artificiales,
humedales construidos.

Some behavioral aspects of laboratory and bench scale artificial

wetlands model systems in Mexico

Abstract

Artificial or constructed wetlands (AW or CW)) may become a feasible option for the water problems faced by
emerging economies countries, such as Mexico, both from the technical and economical point of view, because
they are integrated wastewater treatment systems. In them, through physical, chemical, and biological processes,
pollutants can be efficiently removed from wastewaters especially in rural areas allowing its use for agricultural
and/or industrial purposes. Experiments have been performed at lab and bench scales using reactors to evaluate
the role played by plants (Phragmites australis, Typha latifolia, Thalia geniculata) in pollutants removal measured
as soluble chemical oxygen demand (COD_,, ), electrical conductivity (EC), nitrogen (N), and evaluating redox
potentials (E,) too. Laboratory and bench scale reactors were built using plastic containers, 25 and 147 liters, re-
spectively, planted with aquatic macrophytes, RA, , and its controls without macrophytes, RA_,), all packed with
volcanic slag (i.e., tezontle in Aztec language) at different granulometry layers. The reactors were illuminated
during 16 h a day using fluorescent tube lamps with natural light characteristics. Reactors were kept flooded to
minimize the effect of convective oxygen transfer through air sucking. Synthetic wastewater was daily prepared
by dissolving sucrose, (NH,),SO,, and Na,PO, rendering an approximate concentration of 450 mg COD,_,, ..
/L. Hydraulic residence times (HRT) for lab reactors were 0.5 and 1 d whereas for bench scale systems were
14.7 and 21 d (flow rates of 10 and 7L d'). Samples of wastewaters at the inlet and outlet as well at 2, 10,
and 30 c¢m depth from the water level were taken, and the N (total Kjeldahl nitrogen, TKN), COD_,, ., EC, and
pE, were determined using the standard methodology and commercial electrodes, respectively. Microbial com-
munities proliferating in the root zone of lab reactors were assessed using (a) Fresh preparations, (b) Differential
Tinctions and Gram, and (c) Inoculations in selective media. For part (c) two techniques were applied, isolation
by quadrants and surface extension, using different inoculum quantities (platin wire for quadrants isolation and
a fixed sample volumes of 0.1 mL per plate for the surface extension incubating during 24 hours at 37°C. Results
obtained indicate that plants have a marked beneficial role (RA, ) with removal rates of 90 and 80% as TKN,
54y 9.3%, for COD_,,,. and EC, and the pE, values presented an oscillation behavior at 10 cm depth (root
zone| for planted reactors demonstrating the photosynthetic effect with illumination and darkness, respectively,
compared with the control reactors. The analysis of the data indicated that these differences were statistically
significant (P<0.05). Valves for COD_,, and EC diminish as depth increases having the highest removal at
10 cm where the plant root system is located indicating the importance of the plant presence for the pollutants
removal phenomena. Microbial communities with Gram (-] bacteria were more abundant in the root zone when

compared with the control lab reactors.

Keywords: Pollutants removal, total Kjeldahl nitrogen, chemical oxygen demand, electric conductivity, redox
potentials, root zone microbial communities, artificial wetlands, constructed wetlands.
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1. Introduction

Constructed or artificial wetlands are based on the fol-
lowing fundamental principles: biochemical activity of
microorganisms, the oxygen supply leaked from root
plants, and a bed material who serves as a support
for both microorganisms and plants, this material may
operate as a filter for many particles [1-2] and ion ex-
change matrix as well. These elements eliminate dis-
solved and suspended substances in the wastewater
and biodegrade the organic compounds towards its
mineralization. Constructed or artificial wetlands can
be employed as a complementary system in the exis-
tent treatment plant [3] to improve water quality (pol-
ishing), and can also be used as the main treatment
systems for small communities [4-5].

Thus, the objectives of this research were to evaluate

the performance of these systems with emphasis on the
role of the hydrophytes at laboratory and bench scale
using as variables soluble chemical oxygen demand,
electrical conductivity removal efficiencies, reduction-
oxidation potentials, and assessing the microbial com-
munities growing on the root zone. A highlight was to
follow the behavior during the night when no photosyn-
thesis is carried out by these hydrophytes.

2. Materials and methods
Laboratory-scale reactors
Laboratory-scale reactors were constructed. The reac-

tors consisted of cylindrical plastic containers, 30 cm
diameter and 35 cm height (Fig.1).

Voltage control Data processing PC

Level control

Fig. 1a. Lab scale Experimental system (with a duplicate for

each reactor] (taken from Guido-Zdrate et al. [6,14]

Three sampling ports were placed at 2, 10 and 30 cm
depth (from the water level) to take a representative
sample from each point. Water level was controlled by
using a latex hose set at 2 cm below the packing mate-
rial level. The reactors were filled completely with volca-

nic slag (tezontle, in Aztec language, meaning stone as
light as hair) arranged in layers with different granulo-
metric sizes to have a suitable hydraulic flow [7]. One
shoot of plant (Phragmites australis) was placed centrally
inside the reactors (RA, ). The second set of reactors
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remained unplanted as a control (RA_,). Electrodes to
measure redox potentials were installed at three differ-
ent heights from the upper columns surface down (elec-
trode A at 2cm, electrode B at 10cm, and electrode C at
30cm). Calibration of the electrodes is presented in the
literature [8]. Reactors were set to have flooding condi-
tions to minimize the effect of convective oxygen transfer
through air sucking [9]. Hydraulic residence times (TRH)
studied were 1 and 2 days.

Synthetic wastewater was used for both reactors, and was
daily prepared by dissolving sucrose, (NH,),SO,, and
Na,PO,.12H,0 in a 40L container in tap water, result
ing in a C:N:P ratio of 15:1:0.1, and a COD_,,_ of 450
mgO,/L which is a typical value for domestic effluents or
sewage [10]. Daily inflow for each reactor was settled so
that hydraulic residence times considering porosity factor
(51%) were 0.5 and 1 days [11]. Reactors were placed in
a controlled room illuminated with fluorescent tubes lamps
(day light lamps) using a timer for 16hr on and 8 hrs off.
After reactors reached steady state (4 weeks approxi-
mately, plant height = 53 cm), soluble chemical oxygen
demand and electrical conductivity were measured, in ad-
dition, samples of wastewater were taken at 2, 10 and 30
and tested for COD_,,_ and EC to insight in each reactor.
Test for COD_, . was performed by using standard meth-
odology [12], corrected previously by Oaxaca-Grande
[13]. Electrical conductivity was measured by using a
multi parameter portable tester. Water was fed centrally to
minimize diffusion effects through the reactors. Level con-
trol was possible by using a latex hose set at 2 cm below
packing material level as mentioned above. Relative hu-
midity, lab temperature was recorded to observe possible
drastic change in these parameters during the experiment.

Bench-scale reactors

The system located in Mexico City, comprised five reac-
tors with dimensions of 0.51 m long x 0.34 m width x
0.85 m deep (Figure 2), two filled with gravel and three
with volcanic slag at different granulometry layers [7]
made of plastic boxes (147-); four reactors were origi-
nally planted with common reeds (Phragmites australis)
and cattails (Thypha latifolia) with an average plant densi-
ty of 6 plants m; these were operated in a vertical mode
and under ambient conditions. The theoretical hydraulic
residence time (HRT) was 14.7 d and the flow rate of 10
Ld". Values for dissolved oxygen (DO), pH, temperature,
total Kjeldahl nitrogen (TKN), chemical oxygen demand
the influent and effluent were determined [12]. The water

level was maintained 2 cm below the surface with a PVC
pipe. Data used for this research were taken from a pe-
riod comprised in the spring-summertime (seven months)
from April to October 2005 with temperatures at noon
around 25°C (although in late evening to early hours
come down to 8-12°C). The second system located in To-
basco, comprised five reactors with the same dimensions
like the system located in Mexico City, and in this case,
four reactors where planted with mixed hydrophytes:
cattails (Iypha latifolia) and Thalia eniculate, a tropical
aquatic plant. For this system, the equivalent period eval-
uated (seven months) was from July 2004 to February
2005 (socalled “dry season” or fall-winter). The flow rate
was 7 L d" and the HRT of 21 d. The average ambient
temperature during the experiment was 25°C, the climate
in the location of the experiment is predominantly tropical
with annual highest average precipitations of 339 mm
[14]. Both systems had a control reactor filled with the
same material and operated in the same fashion. Values
for dissolved oxygen (DO), pH, temperature, total Kjel-
dahl nitrogen (TKN), and chemical oxygen demand in
the influent and effluent were determined using the same
methods as for the system located in Mexico City. For
both systems, synthetic water was prepared by dissolv-
ing sugar, C,,H,,O,,, ammonium sulphate, (NH,),SO,,
and potassium phosphate, H,KPO,, the resulting COD,
N-NH,* concentrations were 380 and 22.5 mg L' re-
spectively for both systems. The systems were operated
in a vertical mode and the intermittently feed. The COD
and TKN loading rates in each case were 146 kg ha™
d' and 0.03-0.6 kg TKN ha' d-, respectively.

Sampling poris

20 em

Plastic container

Fig. 1b. Lab reactors dimensions (taken from
Guido-Zérate et al. [6,15])
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Figure 2a. Experimental bench scale systems (taken from Durdn-de-Bazia et al. [15])

Popal camalote
(Thalia geniculata)

Cattails (Typha latifolia)

Figure 2b. System in Mexico City, Mexico [16] Figure 2b. System in Tabasco,
Mexico [17]
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3. Results and discusion

Lab scale reactors

Each lamp irradiated an average of 1.38 Wm?, giv-
ing a total of 20.6 Wm2, equivalent to a summer
morning in Mexico City [18], constantly maintained
along the experiments [19].

Chemical oxygen demand values (COD_, )

Table 1 and Figs. 3 to 6 show the average percentages
of COD_,,. removals. These results clearly show a re-
duction of this parameter in the planted reactor (RA)
and its control (RA,). The water samples were taken at
the outlet of each reactor during the steady state for
both illumination and darkness periods. For illumina-
tion period it can be seen that reactor RA, (planted)
presented the highest COD_,  removal (effluent COD-
wibe OF 216.2 mg O, /1), indicating that plant has an
important effect in the reduction of COD_ ,, . This effect
lays on the fact that during illumination period, organic
matter oxidation is enhanced due to the gas transfer
modified by the irradiation status and the oxygen sup-
plied to the reducing surroundings, creating a very thin
oxygen layer trough which aerobic bacteria can satisfy
their oxygen demand. The root zone can serve as a
support material for heterotrophic bacteria as well [1]
which consume the oxygen supplied by plants (photo-
synthetic and through airspaces found in plants roots),
increasing degradation as mentioned above (Table 1).

Table 1. Average COD_,, removal percentage
(steady state] during illumination and darkness periods*

Reactors lllumination Darkness
RA, , (planted) 541 431
RA,, (unplanted control) 39.8 38.7

*Each value represents the mean for the steady period

Anoxic bacteria can also degrade organic material via
“anaerobic respiration” where the ultimate electron ac-
ceptor is not molecular oxygen but oxygen attached to
sulfates and nitrates mainly, conditions in both reactors
prevailed anaerobic and H,S was confirmed by simply
smelling the water. It can be surmised that in the bulk
volume, sulfate reduction is taking place and organic
oxidation is carried out by the mechanism mentioned
above. The COD_ . removal for control reactor RA,
(unplanted) was lower in comparison with RA| (effluent

value of 281.4 mgO,/L) due to the unplanted status.
It can be seen that COD_, ,  values at the effluent of
each reactor during dark periods are higher than those
for illumination period supporting the belief that plants
oxygen supply increases with irradiation status. A
small variation in reactors RA, was observed, because
the oxygen transfer from atmosphere is consumed by
heterotrophic bacteria in the surface water layer dimin-
ishing COD_, .. Chemical oxygen demand value at
the outlet of reactor RA, was 284mg O,/L. COD_,
profiles for both illumination and darkness periods in-
dicate that COD_, . diminishes as depth increases for
both reactors. It is interesting to notice that for planted
reactor, the COD_ ,_ removal is higher at 10 cm (root
zone) in comparison to unplanted reactor. Stratifica-
tion of COD_,, removal percentage was found in
both reactors for both periods, however no difference
in this percentage when considering the illumination
status for unplanted reactor was found.
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Fig. 3. COD,,,,. effluent variations at steady state during
illumination period (Influent, RA, , with plant, RA_, no plant]
(Taken from Guido-Zérate et al. [6,15])
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(Taken from Guido-Zérate et al. [6,15])

The analysis of the results indicated that differences
for the COD_,,, profiles were statistically significant
(P<0.005). The hydrophyte definitely improves the deg-
radation of organics when compared with the equiva-
lent reactors without vegetation. Unplanted reactor can
remove COD_ ,, but only through anaerobic degrada-
tion since the flooding conditions and no gas transfer
via plants greatly decreases the oxygen content in the
bulk volume. Oxygen content in the inflow may be the
unique oxygen source for organic matter oxidation in
these two control reactors, both at 12 hours hydraulic
residence time or at 24 hour hydraulic residence time.
Hydraulic residence time also plays a role on degrada-
tion efficiency (Fig. 7).

‘e ¥
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# Influent m Effluent1 & Effluent 2

Fig. 7. Average values for chemical oxygen demand values
for influent and effluents for the reactors R, , (with hydro-
phytes, effluent 1) and for the control reactors R, (control
without plant, effluent 2) operating at 12 and 24 h hydrau-
lic residence time, HRT (Taken from Soto-Esquivel et al. [20])

Electrical conductivity (EC)

The variations of EC during illumination and darkness
period show no significant differences between illumi-
nation and darkness period for RA , and RA_, were
observed (P>0.005). It is known that plants can uptake
certain ions as trace nutrients and eniculate them to
their tissues. Results obtained indicate that under these
experimental conditions, planted reactors (RA, ) did
show a significant effect on EC removal. lons removal
through plants may not have been the main EC-remov-
al mechanism and this may be because of the fact that
plants were small (53 cm high) and that radiation char-
acteristics did not enhance these mechanisms (temper-
ature inside the laboratory was = 23.5°C and relative
humidity 53% during the experiment). In real construct-
ed wetlands systems, EC removal via evapotranspira-
tion can be an important process due to the high plant
density (more than two meters high and direct solar
light characteristics). EC removal percentages did no
vary significantly in both illumination and darkness pe-
riods (Table 2) which indicate that illumination did not
affect the ions removal mechanism under these specific
experimental conditions. EC removal profiles follow the
same behavior as for COD_,, . Even tough there EC
diminishes at higher depths, the EC removal efficiency
was low for both reactors. From EC removal results ob-
tained we can conclude that although plant removed
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EC by the nutrients uptake and incorporate them to
their tissues, both reactors performed this task more as
filters and ion exchange reactors through the support
media adsorption, since under the experimental con-
ditions, evapotranspiration-mediated CE removal was
not the main factor for the reduction of EC in planted
reactor. Just like for COD, hydraulic residence time (12
and 24 hours HRT) also plays a role on EC degrade-
tion efficiency (Fig. 8).

Table 2. Average EC removal percentage (steady state)
during illumination and darkness periods (taken from Durdn-
de-Bazia et al. [15])

Reactor lllumination  Darkness
RA, , (planted ) 9.31 9.16
RA,, (unplanted control) 4.31 4.45

o
*h ¢ *, .
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o
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Fig. 8. Average values for electric conductivities of influent and effluents for the

reactors R, , (with hydrophytes, effluent 1) and for the control reactors R_, (control

without plant, effluent 2) operating at 12 and 24 h hydraulic residence time, HRT
(taken from Soto-Esquivel et al. [20])

Redox potentials, E,

Figure 9 shows the variations of the redox potentials
for reactor RA, , [planted and open to diffusive air) dur-
ing the light and darkness periods (measurements cor-
respond to four operating days in the steady state) at
the three different reactor depths (2, 10, 30 cm). It is
inferesting to observe the oscillating pattern of this pa-
rameter at 10 cm depth, where the root zone is. This
variation demonstrates that E, is affected by the oxygen
generated by the macrophyte during the illumination
and darkness periods. Another interesting phenomenon
observed during these experiments is that E, values are
more negative than even those at 30cm deep. As this

phenomenon takes place in both reactors that contain
the plant, it seems to be independent of the air oxygen
that might be diffusing from the atmosphere as well as
with the influent feed drops (Fig. 9). The possible expla-
nation lays on the fact that aerobic bacteria were found
in this area and they are consuming the photosynthetic
oxygen for degrading the dissolved pollutants, and
therefore, decreasing the E, values even more than in
the 30 cm deep area. It is important to consider that, in
these two reactors, the plant has a very small root zone,
and although photosynthetic oxygen is generated the
amount is not enough to change the redox conditions
near the electrode. The two reactors without plant have
a perfectly stratified pattern (Fig. 10).
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Fig. 10. Redox potentials variations (E,) in reactor RA_ ,

(no plant) during illumination and darkness periods

(Taken from Guido-Zérate et al.[21])

These aerobic bacteria seem to be consuming photo-
synthetic oxygen as they metabolize wastewater com-
pounds, reducing overall COD_ , values, during the
illumination period. This is confirmed with the darkness
results, where removal is very similar to the control re-
actors without plant (no photosynthetic oxygen avail-
able), acting as sequencing reactors. These results
suggest that oxygen entering with the influent drops un-
dergoes a stratification (lower concentration at higher
depth) and the concomitant stratification of E, .

The pattern in RA , remained without change during il-
lumination and darkness periods. This behavior is simi-
lar to that reported by some authors [22], where the
change of E, at different light intensities was studied.
E, values at the surface (2 cm depth) of reactor RA_,
were less negative due fo the presence of the oxygen

contents at inflow wastewater drops that is transferred
from atmosphere.

Microbiological results of the root zone

Table 3 presents the results obtained from the microbio-
logical tests carried out with the biomass collected from
the root zone of the lab reactors. It is clear that the pres-
ence of photosynthetic oxygen promotes more prolifera-
tion of microorganisms. As control liquids, tap water and
recently prepared synthetic wastewater were also tested.
Although there are organisms its presence is equivalent
to the control lab reactors. In Table 4 are shown some of
the results for the liquid effluent samples taken at 2 and
10 cm depth. It is interesting to corroborate that also
the liquid carried more organisms (measured as colonies
formation units, CFU) near the root zone.

Table 3. Results obtained from the microbiological tests of the reactors RA, ,

(with Typha) and RA , (without plant] operating at a hydraulic residence time of 24 h

Samples Fresh preparations

Gram tinction

Microbiological development
in nutritive agar
Quadrant isolation Surface extension

Considerable amounts of

Short Bacillus Isolations

RA,, protozoa (different sizes G() +++ +++++
and high mobility)
RA Protozoa (different sizes ~ Short Bacillus Isolations " bt
ab and high mobility G(-), Streptobacillus
No microbial growth No microbial presence
Tap water ++
observed observed
Synthetic wastewater: Su- ~ No microbial presence  Short Bacillus Isolations 4+ s
crose, NH,NO_, Na_PO, observed G(-)

+++++ Considerable amounts of microorganisms, + Poor amounts of microorganisms, --- No microorganisms
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Table 4. Number of colonies forming units per milliliter, CFU
ml', of heterotrophic bacteria (microaerobic and facultati-
ve bacteria) in the reactors effluent samples (steady state)

(Factor 10%) (taken from Guido-Zérate et al. [21])

Reactor 2cm 10 cm
RA, (planted, uncovered, open to diffusi- 295 4.70
ve oxygen)
RA, (unplanted control, uncovered, open 150 1.20

to diffusive oxygen)

Bench scale reactors
Nitrogen removal

The systems under study performed considerable well
in terms of TKN. The removal efficiencies were 90 and
80% (Mexico City and Tabasco, respectively). It is as-
sumed in this specific case that TKN is mainly N-NH,*
since tap water was used to prepare the influent syn-
thetic water and no other organic compound was add-
ed. The vertical operation mode in both systems and
the intermittently feeding favoured the oxygen transfer
to the system, values of the dissolved oxygen concen-
tration in the effluent concentration were low (Table 5).

Table 5. Average values for dissolved oxygen (DO), pH,
and temperature (°C| during the seven months of operation
in the effluent for the planted reactors (taken from Durdn-de-

Bazda et al., 2008) [14]

System DO (mg/L) PH Temperature (°C)
In Out In Out In Out
Mexico City 1.42 055 6.19 6.3 19 20
Tabasco 13 12 635 6.8 238 25

According to Bogdanowicz [23] and Brix [24], plants
can introduce oxygen to the root zone via the lacu-
nae system creating favorable conditions close to the
plant roots for nitrifying bacteria and for the mineral-
ization of nutrients (e.g. N-NH,*). The removal efficien-
cies for these parameter agree with those reported by
Kantawanichkul and Somprasert [25]. The removal of
organic matter was higher in the Mexico City system
than that of the Tabasco system. This was as expected
since the slightly lower temperatures were believed to
promote the growth and better adaptation of the mac-
rophytes (Table 5), as well as the eniculate ion of mo-
lecular oxygen. It is important to mention that the plant
density of the Mexico City system increased consider-

ably at the end of the experiment compared with the
Tabasco system. The values of COD removal percent-
age for the Tabasco system was about 35 and 53 for
the Mexico City, due perhaps to the longer HRT in the
Tabasco case and, again, the availability of dissolved
molecular oxygen.

Remembering the lab scale experiments, influent pH
values were maintained between 7 and 8 whereas
the effluents for both systems at the two HRT studied
were for the reactor RA, , between 5.5 and 6, and
between 4.5 and 5.5 for the control reactors without
hydrophyte RA_,. Anaerobic or anoxic conditions are
present in the lower part of the reactors, since the root
zone is confined to their upper part. In the control reac-
tors, since there is no photosynthetic oxygen, probably
volatile organic acids that reduce pH values [26].

Values for the reduction-oxidation potential (E,) for the
Mexico City system, were measured and they were
positive during the entire experiment (40-290 mV), this
suggests that the roots introduced enough oxygen to cre-
ate oxidizing conditions in the root zone. These values
agree with those reported by Huanosta [27] in which
the E, was measured in the bench scale planted reactors
(Phragmites australis) at different depths (2, 10, and 30
cm), the values oscillated from -45 to +180 mV.

Looking at the pH values (Table 3) for both systems,
these slightly increased but the effluent pH values were
still low for the volatilization to become important (pk_
for NH,*/NH, is 9.25 [28]). The pH values are favour-
able for nitrifying bacteria (i.e. pH 6-9) [29-30]. There-
fore, the results suggest that nitrification and denitrifi-
cation played and important role in removing nitrogen
from the synthetic water.

Results from these studies confirm that nitrogen was re-
moved slightly better at higher altitudes (in Mexico City
up to 93.3% as ammonia N, and 93.1% as total nitro-
gen with no removal in the control reactor), than at sea
level (in Tabasco up to 81% as ammonia and as total N
with no removal in the control reactor), and that hydro-
phytes definitely have an effect on nitrogen removal. It
is interesting to mention that in the laboratory system in
the dynamic phase when the hydrophytes were in the
first growth period (Figure 11), carried out at higher al-
titude (Mexico City), the changes in nitrogen, both from
ammonia and from nitrates were consequent with the re-



ARTICULO DE REVISION

Algunos aspectos interesantes de sistemas de humedales a escaln de laboratorio y de banco en México

sults with bench scale artificial wetlands with fully grown
hydrophytes (Figures 12a and b) [27]). Typha latifolia
y Thalia eniculate are tropical plants that can be used

with the advantage of selling its flowers as ornamental
products giving an added value to the treatment systems
as well as to produce art crafts with the canes.

Fig. 11. Lab-scale artificial wetland system with Phragmites australis (at the
beginning of the experiments, left, and at the end of the experiments, right)

Phragmitessp M

Influent
NH* 1
\ NOy Bacillus
Peeeudomonas

e 05

Nitrosomeonas
NOy oy

Mitrobacter { oo

MES ez,

R-NE) ——» NH* -

Acetobacter

Fig. 12a. Exemplification of the nitrogen compounds fate
depending upon the type of microorganisms acting in the
rhizosphere: Results for N-NH *

4, Conclusions

Considering the obijectives of this research, the evalu-
ation of the performance of the lab scale and bench
scale systems simulating the operation of artificial
wetlands using as variables soluble chemical oxygen
demand, electrical conductivity removal efficiencies,

Influent pseudomonas
NOy 80>
pOR
MOy 171 mV
bacteria alga +213mV
NOy
21 mV

Fig. 12b. Exemplification of the nitrogen compounds fate
depending upon the type of microorganisms acting in the
rhizosphere: Results for N-NO,

reduction-oxidation potentials, and assessing the mi-
crobial communities growing on the root zone, as a
conclusion, it can be said that the oxygen supplied
by the plant to the root zone of the reactor shows a
greater effect in organic matter degradation than that
transferred directly from atmosphere through diffusion
in the control reactors without any plant.
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From E, results is possible to state that oxygen, both
generated by photosynthesis as well as that transport-
ed from air through the aerenchyma [31-32], had the
main effect on redox potentials variation and that un-
der this specific experimental conditions, no important
effect of atmospheric oxygen was observed.

Chemical oxygen demand removal was higher for
planted reactors (RA, ,) and these values were very
similar (54.1, 43.1, and 53.9, 40.9 for illumination
and darkness periods, respectively) suggesting that
atmospheric oxygen had not an important effect on
the elimination of this parameter. Microbial organisms
abundance confirm these results.

From the bench scale experiment it could be assessed
that nitrogen was removed slightly better at higher alti-
tudes (in Mexico City up to 93.3% as ammonia N, and
93.1% as total nitrogen, with no removal in the control

References

reactor without hydrophytes), than at sea level (in To-
basco, up to 81% as ammonia, and as total N, with no
removal in the control reactor). Hydrophytes definitely
have an effect on nitrogen removal. Typha latifolia y
Thalia geniculata are tropical plants that can be used
with the advantage of selling its flowers as ornamen-
tal products giving an added value to the treatment
systems as well as to produce artcrafts with the canes.

Acknowledgments

Authors acknowledge the financial support received
from CoNaCyT (Mexican or National Science and
Technology Council) and UNAM, Program for Masters
and Doctoral Graduate Studies in Engineering. Experi-
mental infrastructure was acquired with the CoNaCyT
Regional “Oriente Golfo (Tabasco-Veracruz)” Project
00-06-016-V, Depuration of sewage using artificial
wetlands.

[1] Brix, H. 1997. Do macrophytes play a role in constructed treatment wetlands?. Water Science and Technology. 35(5), 11-16.

[2] Olmedilla-Pérez, M., Carrillo-Sanchez, S. and Rojo, C. 2000. Funcién depuradora de los humedales. 11: Una revisién bibliografica sobre
el papel del saneamiento. Humedales Mediterraneos. 1,123-130.

[3] Shutes, R.B.E. 2001. Artificial wetlands and water quality improvement. Environment International 26, 441-447.

[4] Duran-de-Bazta, C. 2004. Tratamiento sostenible de aguas de suministro y residuales para paises con economias emergentes / Sustain-
able treatment of water and wastewaters for emerging countries. In Proceedings of the Third International Minisymposium on Removal of
Contaminants from Wastewaters, Atmosphere, and Soils. Pub. UNAM, Facultad de Quimica, PIQAyQA. Compact disk. July 7-10, 2004.
C. Durdn-de-Bazda, L.I. Ramirez Burgos (Eds.). Mexico City, Mexico.

[5] Duran-de-Bazua, C. 2006. Wastewaters treatment, an opportunity source / Tratamiento de aguas residuales, una fuente de oportunidades.
In Proceedings of the Fourth International Minisymposium on Removal of Contaminants from Wastewaters, Atmosphere, and Soils. Pub.
Pub. UNAM, Facultad de Quimica, PIQAyQA. Compact disk. Nov. 8-11, 2006. C. Duran-de-Bazua, L.I. Ramirez Burgos (Eds.). Mexico
City, Mexico. Pp. 176-185.

[6] Guido-Zarate, A., Duran-de-Bazua, C. 2008. Pollutants removal in a lab-scale constructed wetlands model system / Remocién de contami-
nantes en un sistema modelo de humedales artificiales a escala de laboratorio. Tecnol. Ciencia Ed. (IMIQ). 23(1):15-22.

[7] Duran-de-Bazia, C., Luna-Pabello, V.M. 1998. Humedales artificiales de flujo horizontal y vertical (Artificial wetlands of horizontal and
vertical flow). Patent 1998: 10668. Registered in México: Instituto Mexicano de la Propiedad Industrial. Mexico City, Mexico.

[8] Fenoglio, F.E., Genescd, J., Durdn-de-Bazua, C. 2002. Reduction-Oxidation potentials evaluation as an indirect measurement for dissolved
oxygen in artificial wetlands lab models. In Proceedings 8th International Conference on Wetlands 2002. International Water Association.
Ashora, Tanzania. Sept. 11-19, 2002. Pp. 606-614.

[9] Fenoglio-Limén, F.E. 2003. Oxygen convection transfer phenomena in systems simulating artificial wetlands using packed columns /
Fenémenos de transferencia de oxigeno por conveccién en sistemas que simulan humedales artificiales utilizando columnas empacadas.
Master’s Thesis in Sciences (Environmental Chemistry) / Tesis de Maestria en Ciencias (Quimica ambiental). Programa de Maestria y Doc-
torado en Ciencias Quimicas (Quimica Ambiental). UNAM. Mexico City, Mexico.



------------- ARTICULO DE REVISION
Algunos aspectos interesantes de sistemas de humedales a escaln de laboratorio y de banco en México

[10] Davis, M.L. and Cornwell, D.A. 1998. Introduction to Environmental Engineering. 3a. Ed., WCB McGraw-Hill. New York, USA.

[11] IWA. 2000. IWA Specialist group on use of macrophytes in water pollution control. Constructed wetland for pollution control, processes,
performance, design, and operation. Scientific and Technical Report No. 8. London, UK.

[12] APHA (1992). Métodos normalizados para el andlisis de aguas potables y residuales. Ediciones Diaz de Santos. Madrid, Spain.

[13] Oaxaca-Grande, A.M. 1997. Estudio comparativo para la determinacién de la demanda quimica de oxigeno entre el método estandar de
reflujo abierto y el método rapido colorimétrico de reflujo cerrado / Comparative study for the determination of chemical oxygen demand
using the standard meted with open reflux and the rapid colorimetric closed reflux method. Professional thesis (chemical engineering).
Instituto Tecnolégico de Orizaba. May 16, 1997. Orizaba, Veracruz, Mexico.

[14] INEGI. (2005). Web page. www.inegi.gob.mx

[15] Duran-de-Bazua, C., Guido-Zdrate, A., Huanosta, Th., Padrén-Lépez, R.M., Rodriguez-Monroy, J. 2008. Artificial wetlands performance:
nitrogen removal. Water Science & Technology. 58(7):1357-1360.

[16] Rodriguez-Monroy, J. 2005. Nitrogen removal of synthetic wastewaters in a bench scale artificial wetlands system / Estudio de la remo-
cién de nitrégeno en un sistema de tratamiento de aguas residuales usando humedales artificiales de flujo vertical a escala de banco.
Professional Thesis in Chemical Engineering / Tesis profesional Ingenieria Quimica. UNAM. Facultad de Quimica. Mexico City, Mexico.

[17] Padrén-Lépez, R.M. 2005. Domestic sewage treatment in humid tropical conditions using a bench scale vertical flow artificial wetlands
system / Depuracion de aguas residuales domésticas a través de humedales artificiales de flujo vertical en zonas trépico-himedas.
Master’s Thesis in Environmental Sciences / Tesis de Maestria en Ciencias Ambientales. Universidad Judrez Auténoma de Tabasco. Vil-
lahermosa, Tab. Mexico.

[18] Muhlia, A. 2002. Personnal Communication. Laboratory for Radiations. Centro de Ciencias de la Atmésfera (Center for Atmospheric Sci-
ences), UNAM. MexicoCity, Mexico.

[19] Soto-Esquivel M.G. 2003. Effect of the photosynthetic generation of oxygen in a solid-liquid-gas system / Efecto de la generacién de
oxigeno fotosintético en un sistema sélido-liquido-gas. Tesis de Maestria en Ingenieria (Ingenieria Ambiental). UNAM. Mexico City,
Mexico.

[20] Soto-Esquivel, M.G., Guzman-Aguirre, S., Mejia-Chavez, A.G., Garcia-Gémez, R.S., Durdn-de-Bazia, C. 2009. Effect of hydrophytes
(Typha latifolia) presence on the redox potentials (reduction-oxidation) in lab scale packed columns / Efecto de la presencia de hidrofitas
(Typha latifolia) sobre los potenciales redox (reduccién-oxidacién) en columnas empacadas a escala de labolatorio. Tecnol. Ciencia Ed.
(IMIQ). 24(1):5-11.

[21] Guido-Zarate, A., Buitrén, G., Mijaylova-Nacheva, P., Durdn-de-Bazda, C. 2007. Behavior of redox potentials in artificial wetlands mod-
els: A tool for controlling its efficiency. In Communicating current research and educational topics and trends in applied microbiology.
Ed. A. Méndez-Vilas. Formatex. Series ISBN-13:978-84-611-9421-6. Vol. 2. ISBN-13: 978-84-611-9423-0. Badajoz, Espafia. Pp. 594-601.

[22] Wiessner, A., Kappelmeyer, P., Kuschk, P., Kastner, M. 2005. Influence of the redox condition dynamics on the removal efficiency of a
laboratory-scale constructed wetland. Water Research. 39, 248-256.

[23] Bogdanowicz, R. 1996 Ecotechnology in wastewater management: Functioning facilities in the Galtic Region. En 5th International Con-
ference on Wetland System for Water Pollution Control. Viena, Austria.

[24] Brix, H. 1993. Wastewater treatment in constructed wetlands: System design, removal processes, and treatment performance. Con-
structed Wetlands for water quality improvement. Lewis Pub. Co. Pp. 9-21. Tokyo, Japan, pp. 9-21.

[25] Kantawanichkul, S., Somprasert, S. 2005. Using a compact combined constructed wetland system to treat agricultural wastewater with
high nitrogen. Water Science & Technology, 51(9), 47-53.

[26] Manahan, S. E. 2007. Introduccién a la quimica Ambiental. Coedicién UNAM-Editorial Reverté. México D.F., México y Barcelona,
Espana.

[27] Huanosta, T. 2006. Dynamics of the nitrogen removal of nitrogen species in lab scale vertical flow artificial wetlands / Estudio de la
dindmica y remocion de especies de nitrogeno en humedales artificiales de flujo vertical a escala de laboratorio. Professional Thesis.
Facultad de Quimica. UNAM. Mexico City, México.

[28] Benjamin, M. M. 2002 Water Chemistry. McGraw-Hill series in water sources and environmental engineering. New York, USA, pp. 139.

[29] Crites, R. And Tchobanoglous, G. 2000. Sistema de manejo de aguas residuales para ntcleos pequefios y descentralizados. Ed. McGraw-
Hill, Bogotd, Colombia.

[30] Kadlec, R.H., Knight, R.L. 1996. Treatment Wetlands. Lewis Publishers. New York, USA, 893 pages.

[31] Armstrong J. and Armstrong W. (1988). Phragmites australis-A preliminary study of soil-oxidazing sites and internal gas transport path-
ways. New Phytol.108, 373-383.

[32] Armstrong J., Afreen-Zobayed F., Blyth S. and Armstrong, W. (1999). Phragmites australis: effects of shoot submergence on seedling
growth and survival and radial oxygen loss from roots. Aquatic Botany. 64, 275-289.




