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Though the idea of water as an economic good is not
new, it has expanded since the Dublin Conference (1992).
Two approaches or interpretations can be identified: water as
a production input in an economic system or according to a
second less narrow economic interpretation. Treating water as
an economic resource does not imply the use of one specific
set of economic tools. Prices, markets and private property,
etcetera, are tools belonging to one toolbox, but there are
other ways to manage water in a socially, economically and
ecologically sustainable manner. See article “Return to Dublin:
Do Traditional Communities Manage Water as an Economic
Resource?” by José Antonio Batista-Medina (pp. 99-109).
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Assessment of Bed Load Transport Formula
for an Armoured Gravel-Bed River

e Ratl Lépez*  Damia Vericat ® Ramon J. Batalla
Universidad de Lleida, Lleida, Espafia

*Corresponding Author

Abstract

Lépez, R., Vericat, D., & Batalla, R. J. (March-April, 2015).
Assessment of Bed Load Transport Formula for an Armoured
Gravel-Bed River. Water Technology and Sciences (in Spanish),
6(2), 5-20.

The lower Ebro River (NE Iberian peninsula) has a gravel
bed which flows downstream from a reservoir complex. In
this section of the river, the armoured surface of the bed
undergoes cycles of breaking and reestablishment as a result
of natural and control floods. The objective of the present
work is two-fold. First, to evaluate the capacity of three
formulas to predict bed load transport under conditions
in which the armour is broken or disturbed. Second, to
analyze the ability of the formulas to predict the breakage or
disturbance threshold of the armour. This was all based on
a comparison between predictions and measurements of the
bed load transport in the study section for two hydrological
years. Based on the characteristics of the study section, the
formulas which were finally selected were the equations
developed by Parker, Klingeman and McLean (1982)
(P-K-M), Bathurst (2007) (B) and Recking (2010) (R). Given
the results, the P-K-M and R formulas are recommended
to predict bed load transport when there is breakage or
disturbance of the amour, and not formula B because of its
considerable tendency to underestimate. Formulas B and
R are recommended to predict the breakage or disruption
threshold of the armour. Nevertheless, it is worth cautioning
that in this case both formulas tended to predict thresholds
much lower than those measured.

Keywords: Bed load formulae, bed load transport, sediment
transport, gravel bed-river, armoured bed, River Ebro.

Introduction and Objectives

Predicting bed load transport is particu-
larly relevant to several disciplines: river
engineering, river morphology, river ecol-

Resumen

Lépez, R., Vericat, D., & Batalla, R. ]. (marzo-abril, 2015).
Evaluacion de férmulas de transporte de fondo en un rio de gravas
acorazado. Tecnologfa y Ciencias del Agua, 6(2), 5-20.

El curso bajo del rio Ebro (NE peninsula Ibérica) presenta un cauce
con lecho de gravas que discurre aguas abajo de un complejo de
embalses. En dicho tramo, el lecho experimenta ciclos de rotura y
restablecimiento de la capa superficial acorazada como consecuencia
tanto de avenidas naturales como de crecidas de mantenimiento.
En el citado contexto, el objetivo de la presente investigacion fue
doble. En primer lugar, la evaluacion de la capacidad predictiva del
transporte de fondo de tres formulas seleccionadas en condiciones de
coraza rota o alterada. En segundo lugar, el andlisis de la capacidad
de dichas férmulas para predecir el umbral de rotura o alteracion
de la coraza. Todo ello se fundamenté en la comparacion entre
predicciones y mediciones de carga de fondo en el tramo de estudio
que abarcaron dos afios hidroldgicos. Conforme a los condicionantes
del tramo de estudio, las formulas finalmente seleccionadas fueron
las ecuaciones desarrolladas por Parker, Klingeman y McLean
(1982) (P-K-M), Bathurst (2007) (B) y Recking (2010) (R). De
acuerdo con los resultados, se recomiendan las formulas P-K-M y
R para la prediccién de la carga de fondo cuando se rompa o altere la
coraza, y se desaconseja la formula B por su marcada tendencia a la
infraprediccion. En cambio, para la prediccién del umbral de rotura
o alteracion de la coraza se recomiendan las férmulas B y R. Sin
embargo, cabe advertir que en este caso ambas formulas tendieron a
predecir umbrales bastante inferiores a los medidos.

Palabras clave: formulas de transporte de fondo, transporte de
fondo, carga de fondo, transporte de sedimentos, rio de gravas, lecho
acorazado, rio Ebro.

Received: 30/09/2013
Accepted: 31/10/2014

ogy, reservoir management, environmental
engineering, dispersion of pollution and
prediction of natural disasters (for example,
Martin- Vide, 2013; Re, Kazimierski, &
Menéndez, 2014). Dams present a disconti-
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nuity in the transfer of sediment through a
drainage network and modify the hydro-
logical regime of rivers. If the shear stress
of the flow downstream from a dam does
not exceed the initial critical value of the
movement of the larger bed particles but is
sufficient to transport the finer grains, then
the surface layer of the sediment thickens
and an armour can begin to develop. The
degree of armouring of a river bed af-
fects the granulometric distribution and
the magnitude of the bed load. This can
occur, for example, from the reduction of
the particle size and amount of sediment
transported (Parker & Sutherland, 1990).
In general, the armour is stable when flows
are less than the formative flow but can be
broken or disturbed as larger flows pass
over the river bed. The armour can also
remain intact even with large flows associ-
ated with the transport of particles of all
sizes present in the armour layer (Wilcock
& DeTemple, 2005). Sometimes the armour
stabilizes (for example, critical armouring
condition; Chin, Melville, & Raudkivi,
1994) and becomes static, preventing ero-
sions from progressing. For the purpose of
the present study, the term “armour” refers
to the surface layer of the bed, which is
semi-permanent and develops in the lower
portions of the Ebro River, in a section
downstream from a reservoir complex.
Some authors have found that different
bed load transport phases occur in riv-
ers with armoured beds according to the
mobility or degree of disturbance of the
armour (for example, Jackson & Beschta,
1982; Bathurst, 2007; Recking, 2010). When
the breakage or disturbance threshold
of the armour has not been reached, the
transport is categorized as phase 1, in
which the bed load is made up of relative-
ly fine sediment (from sections upstream
or uplifted from patches of fine sediment
present in the same section) that circulates
over the unmovable and undisturbed

armour. Phase 2 occurs when the flow
causes the armour to partially breakup or
become disturbed. During this transport
phase, thicker particles composing the
armour can become involved and the fine
sediment from underlying material or the
subsurface begins to be incorporated at a
rate corresponding to the degree to which
the armour is disturbed. Lastly, phase 3
corresponds to when the flow capacity
has reached the point of moving sediments
of all sizes present in the bed (the surface
of the armour as well as the underlying
material). It is important to mention that
not all investigators distinguish between
phases 2 and 3 but rather propose a sim-
pler model consisting of two phases: phase
1 corresponding to a flow that transports
fine sediments circulating over an armour
without breaking it; and phase 2 beginning
when the armour has been broken and
thick particles from the armour are trans-
ported along with fine material from the
underlying layer. Strictly speaking, phase
3 (that is, movement of sediments of all
sizes present in the bed) occurs with much
less frequency, especially in mountain
rivers with steep slopes and very poorly
classified sediment (containing extremely
thick elements, often colluvium), where it
would be very difficult for flow to trans-
port larger-sized sediment.

Most of the bed load formulas tradition-
ally used have been partially (and totally
in more than a few cases) developed based
on experiments in laboratory canals using
semi-uniform granulometry sediment and
transport conditions in equilibrium (where
the availability of sediment does not limit
solid flow) (for example, Meyer-Peter &
Miiller, 1948; Schoklitsch, 1950). Therefore,
they did not distinguish among different
layers (surface, sub-surface or both) or the
granulometric conditions of the material
that may be present in gravel-bed rivers.
Consequently, several uncertainties exist
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when applying these to gravel-bed rivers
with armour, such as the best characteristic
diameter of the sediment to use in formu-
las, as well as the breakup or disturbance
threshold of the armour and the different
transport phases. The results are also po-
tentially limited. Thus, it has been neces-
sary to develop formulas that explicitly
take into account the effect of bed load on
the armour (for example, Parker, 1990;
Bathurst, 2007; Recking, 2010), and evalu-
ate and analyze their predictive capacity
when applied to a particular river.

The present investigation corresponds
to the lower portion of the Ebro River in a
section located downstream of a reservoir
complex containing a bed with an armour
subject to a cyclical process of breakage
and reestablishment. The first objective
was to evaluate the capacity of selected
formulas to predict bed load transport
with a broken or disturbed armour (that is,
transport phases 2 or 3). A second objective
was to analyze the capacity of the selected
equations to predict the breakage or dis-
turbance threshold of the amour. These
analyses were based on comparing predic-
tions obtained from formulas and bed load
measurements in the section under study:.

Materials, Methods and Database
The Section Studied and Field Measurements

Annual runoff in the Ebro River basin
greatly depends on mountainous regions.
Although the mountainous region covers
only 30% of the total area of the Ebro River
basin, it generates roughly 60% of the an-
nual mean runoff (Lépez & Justribg, 2010).
The Ebro River basin drains 85 530 km?
from the northeast portion of the Iberian
Peninsula to its outlet in the Mediterranean
Sea. The basin’s annual mean precipitation
is between 600 and 700 mm. Mean flow reg-
istered by the gauging station at its outlet

is 450 m*s”, equal to a mean annual sup-
ply of 14 300 hm®. Roughly 190 large dams
control 67% (approximately 7 700 hm?) of
the annual runoff in the basin. The largest
dam complex was completed in 1969 in
the lower portion of the river and is made
up of three dams: Mequinenza, Riba-Roja
and Flix . The capacity of the complex is 1
750 hm? (equal to 13% of the mean annual
water supply of the basin) (Batalla, Gomez,
& Kondolf, 2004) (Figure 1).

Flow hydraulics and sediment trans-
port were measured continuously during
flood events in the Méra d’Ebre sampling
section (MESS) over the period 2002-2004.
This study section is located 27 km down-
stream from the Flix dam, where the width
of the channel is 160 m (Figure 1). There is
only one channel throughout this section
of the river, which has low sinuosity and
a mean longitudinal slope of 8.5-10* mm
1. In this section, the river channel can be
described as having natural test conditions
suitable for studying changes in the bed
surface caused by bed load transport. The
armour which has developed controls the
movement of sediment and the stability of
the channel. It has resulted from a limited
availability of sediment from sections up-
stream and the frequency of competent
flows.

This section presents a brief summary
of the methodology used to obtain data to
characterize the sediment of the river bed
and to measure the bed load transport in
the MESS. A more in-depth description of
the methodology can be found in Vericat
and Batalla (2006), Vericat, Batalla and
Garcia (2006), and Vericat, Church and
Batalla (2006).

The hydrological years in the study
period (2002-2003 and 2003-2004) can be
considered to be medium terms of annual
mean flow (415 m*s? in the first year and
465 m*s? in the second). Bed load trans-
port was measured for most of the floods

Water
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Figure 1. Location of the study zone in the lower Ebro River (NE Iberian Peninsula).

which occurred during the study period,
some of which were flushing flows (Batalla
& Vericat, 2009). The maximum flow regis-
tered during the period was 2 500 m*s™ (in
February 2003), corresponding to a return
period of 8 years and, therefore, this event
was considered significant in terms of the
historical distribution of the peak flows of
floods.

For the purpose of this study, the granu-
lometric distribution of the bed material
(surface as well as underlying material)
was used, which was obtained from an
exposed bar near the MESS. This bar is 500
m downstream from the MESS (a distance
equal to three times the mean width of the
channel) (Figure 1). This gravel deposit is
the accessible one closest to the study sec-
tion and was considered fully representa-
tive of the granulometric distribution of

the active sediment in the river. The inac-
tive sediment, distinguishable by vegeta-
tion cover, was avoided since it may have
little similarity with the current regime of
the river. The bed material was sampled on
two occasions: a) summer 2002 just before
the hydrological year 2002-2003 began
(bed material I, BMI) and b) summer 2003
just before hydrological year 2003-2004 be-
gan (bed material II, BMII). The data could
thereby de chronologically divided accord-
ing to bed material (DBM). Table 1 shows
the values of the different granulometric
profiles for both samples, or divisions, for
surface as well as underlying material. For
BM]I, the thicker surface layer was charac-
terized using the particle counting method
(Wolman, 1954; Rice & Church, 1996). The
area-by-weight method was used for BMII
(Kellerhals & Bray, 1971) since a signifi-
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Table 1. Granulometric percentages of the material on the surface and under the bed in the lower section of the Ebro River (500

m downstream from the sections where bed load was sampled).

Particle size Bed material I (BM1)* Bed material II (BMII)®
D, (mm) Underlying Surface Underlying Surface
D, 10 34 12 19
D, 13 39 15 23
D,, 19 50 21 33
D, 26 55 26 38
D,, 52 88 48 70

2 BML: samples taken in 2002 at the beginning of the hydrological year 2002-2003.
® BMIIL: samples taken in 2003 at the beginning of the hydrological year 2003-2004.

cant portion of particles under 8mm was
detected. The underlying material was
sampled using the volumetric method
after removal of the surface layer (Church,
McLean, & Wolcott, 1987).

A total of 172 bed load transport sam-
ples were obtained that were usable for the
purpose of this study (123 from the year
2002-2003 and 49 from the year 2003-2004)
(see table 2). Approximately 96% of the
circulated flow interval was sampled dur-
ing the study period to analyze bed load
transport. The bed load was measured us-
ing a Helley-Smith sampler with a 152 mm
nozzle, operated with a crane.

Cyclical Armouring and the Division and
Management of the Database

The detailed analysis of the characteristics
and dynamics of the armouring of the Ebro
River in the study section was described in

Vericat et al (2006a). The river bed in this
section undergoes a cyclical process of
incision and armouring according to the
magnitude of the flow. The granulometric
analysis of the bed load along with field
observations for the study period showed:
a) the armour remained intact after the first
flood in December 2002; b) the floods in
February and March of 2003 disturbed or
broke the armour; and c) the armour could
be considered to have been reestablished
during the floods of November and De-
cember 2003 (see Table 2). The data were
divided chronologically into three sets
according to the conditions or states of the
armour (DSA) described above (Table 2): 1)
unbroken armour (UA), 2) broken or dis-
turbed armour (BA) and 3) reestablished
armour (RA). As a result, a hypothesis was
adopted about the association between
each one of the three sets and the bed
load transport phase. That is, phase 1 was

Table 2. Classification of the measured bed load transport by date of flood, division of bed material (DBM), division of state of

armour (DSA) and bed load trasnport phase.

Floods Nb? Na® DBM DSA Transport Phase
December, 2002 40 9 BMI UA Phase 1
February-March, 2003 83 15 BMI BA Phase 2 or 3
November-December, 2003 49 17 BMII RA Phase 1

“Total number of bed load trasnport measurements corresponding the period indicated..

"Total number of bed load transport data resulting from grouping measurements by liquid flow class and corresponding to the

period indicated
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considered representative of sets UA and
RA, and phases 2 or 3 representative of BA
(Table 2). In addition, the resulting rela-
tionships among the members of the DSA
and DBM divisions were noted (Table 2).
Figure 2a shows the relationship be-
tween the liquid flow (Q) and bed load
transport (g, expressed in weight units)
measurements for the three sets that de-
fine the state of the armour (DSA). Table
2 indicates the number of data included in
each one of the three sets. Figure 2a shows
a large dispersion among the data. That is,
value g, is observed to have a wide varia-
tion interval (as much as several orders of
magnitude) for a given value Q. A high
temporal fluctuation in bed load has been
commonly described, even with constant
flow conditions (mean). This is caused by
stochasticity, bedform migration, granulo-
metric classification, hysteresis and limita-
tion in sediment availability (for example,
Recking, Liébault, Peteuil, & Jolimet, 2012
). In Figure 2a, the regression curves cor-
responding to sets BA and UA runs from
one end to the other, representing differ-
ent supply conditions related to solid bed
material or transport phases. For a given
flow value, a higher bed load is expected
for conditions BA than for UA, since the
former would represent transport phase 1
and the latter phase 2 or 3. The regression
curve for the RA extends from one end to
the other, representing an intermediate
situation. All these observations should be
carefully interpreted considering the low
determination coefficient (R?) of the regres-
sion curves, especially for BA. One of the
techniques used to smooth the effect of the
fluctuation in bed load and the correspond-
ing dispersion of the data is to group the
data related to the independent variable
(in this case, Q) into classes. The present
study grouped the data from the three sets
into classes with an interval amplitude of
40 m® -s' m, assigning a unique value to

each class according to the arithmetic aver-
age of the data in the class. Table 2 shows
the number of data in each set according
to the grouping described. In Figure 2b,
a significant reduction in the dispersion
can be seen as a result of the grouping by
classes and, consequently, the R? values
of the regression curves of the three sets
increased notably (especially for BA). The
relative positions of the three curves are

a)

&
é * o BA
= A’¥I§'/— e * 4= 2‘256 00010
o001{ g R=003
* A RA
R4 ¢ . * 4 =5E15Q%
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q,=3E-17Q *?
R2=0.26
1E-05 —————
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g,=2100 Q4 N=17
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¢ UA
* o= 1107 exp .008Q. N = 9
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Figure 2. Relation between liquid flow measurements
(Q) and bed load transport (q_) for the different armour
conditions: broken armour (BA), unbroken armour (UA),
and restablished armour (RA). Figure 2a - complete
database; Figure 2b - databases grouped by liquid flow
classes (Q).
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seen to remain the same with respect to
Figure 2a.

Selection of Bed Load Transport Formulas for
Armour Layers

The key requirement for the selection of the
formulas evaluated herein to predict bed
transport in gravel-bed rivers was that they
be developed ex profeso by explicitly taking
into account the effect of bed armouring.
These formulas should at least enable cal-
culating bed load for transport phase 2o0r3,
that is, when flow is capable of disturbing
or breaking the armour. Another require-
ment imposed was the use of a method to
calculate the threshold for the breakage
or disturbance of the armour (that is, the
beginning of phase 2 or 3). Meanwhile, the
prediction of bed load transport for phase 1
was considered to be inaccurate and there-
fore was not required for the objectives of
the present investigation. Therefore, the
formulas selected were applied only to

broken armour conditions (BA) involving
the complete subset (N = 83, see Table 2)
as well as the grouped subset (N = 15, see
Tables 2 and 3). An additional requirement
was to expressly discard formulas that
calculate bed load based on granulometric
fractions (for example, Parker, 1990). In
practice, it is difficult to apply this type of
equation because, for example, complete
granulometric data is often not available,
it requires more calculation effort and a
higher number of variables needs to be
measured in the field (Recking, 2010).
Given the criteria described, the formu-
las which were finally selected for evalua-
tion were those developed by Parker et al.
(1982), Bathurst (2007) and Recking (2010)
(hereafter PKM, B and R, respectively).
Table 4 summarizes the variables required
and the experimental or application inter-
val for the equations (note that in three
cases the empirical base includes river
data). Both the mean slope of the channel
and the size of the sediment particles in the

Table 3. Values of the hydraulic variables for the grouped set of data (according to liquid flow classes and for the broken armour
condition (BA). (See Table 2).

Datum (mgs-l) (i) o o)
Al 727 144 3.43 1.09
A2 759 145 3.50 0.81
A3 810 146 3.62 1.37
A4 861 147 3.74 0.51
A5 888 147 3.80 2.57
A6 921 148 3.88 2.04
A7 962 149 3.97 1.33
A8 993 149 4.05 0.88
A9 1044 150 4.17 1.99
A10 1092 151 4.28 2.15
All 1121 152 4.35 1.34
Al12 1208 154 4.55 0.54
Al13 1278 155 4.71 2.00
Al4 1454 158 5.13 10.68
Al15 1493 159 5.22 6.66

*The study section can be considered to be hydraulically wide (the value of the hydraulic radius tends toward the mean weight).

Qis the liquid flow of the current, T the surface width of the flow, y the depth of the flow, y g, the measured unit bed load.
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Table 4. Selection of bed load transport formulas applied to gravel-bed rivers with armour.

Empirical Empirical licati
Reference Acronym Variables required® NP ml?lrlc‘a mplrlca} orapplication
application interval
Parker et al. (1982) P-K-M S, 8 0. P,y Dy, — River D,, <28 mm
12 < D,, (mm) < 146
Bathurst (2007) B S, 8 0,49, Dy, Dy, D, =600 River 30 < D,, (mm) < 540
1.52<D,,/D,, <11
. River and 0.02<S5(%) <8
R 201 R R =7
ecking (2010) 58 Py R, Dy, Dy, 600 Laboratory 0.9 < D, (mm) < 558

“Variables required to calculate bed load for transport phases 2 or 3.
"Number of data involved in developing the formula.

S is the longitudinal slope of the channel; g, the acceleration of gravity constant; p and p, the density of water and of the sediment particles,

respectively; y the mean depth of the flow in the channel’s cross-section; R the hydraulic radius of the cross-section of the channel; D, and D, the

size of the particle on the bed’s surface layer for which 84 and 50% of the sediment sample is smaller, respectively; D, is the size of the particle
in the material below or under the surface of the bed for which 50% of the sediment sample is smaller.

study section are observed to comply with
the experimental intervals of the formulas
evaluated. Formula R can be used to deter-
mine which of the three theoretical phases
produces bed load transport (that is, phase
1, 2 or 3) and to predict the corresponding
value of the solid flow. Meanwhile, for-
mula B only predicts bed load in the case
of breakage or disturbance of the armour
(without explicitly distinguishing between
phases 2 and 3). Lastly, formula P-K-M
predicts bed load transport only in the case
of disturbance of the armour and assuming
that the movement of particles of all sizes
begins simultaneously when the critical
condition of a disturbance or breakage is
met (a concept that is most closely related
to the definition of transport phase 3).

Statistical Evaluation of the Predictive

Capacity of the Formulas

The predictive capacity of the formulas
studied was evaluated by comparing
measured (g, ) and predicted (qsp) values of
unit bed load (sediment flow expressed by
weight and unit width, in N-s'-m™). Differ-
ent statistical indices and graphic methods
were used to evaluate that capacity. The
indices used were based on the discrep-

ancy ratio (r), defined as the quotient of
the predicted and the measured values (r =
q, /q.,)- The interval of this ratio is (0, + ).
In studies of bed transport in gravel-bed
rivers, ¥ can have a wide interval, often two
or more orders of magnitude (for example,
Duan, Chen, & Scott, 2006; Recking, 2010
). Therefore, the statistical comparison
between predicted and measured values
must include logarithmic transformation
and indices that are less sensitive to ex-
treme values.

The statistical indices used to evaluate
the fit between predicted and measured
bed load are described next. First, the
percentage of data with an r (q,,/q,,) that
did not exceed a proportion of 2 (0.5 < r
<2),5(0.2<r<5)and 10 (0.1 <r < 10) was
calculated. The arithmetic mean of r (mr)
was also used:

mr=(1/N)Y 1 (1)

where 7, is the i-th value of r and N the
number of data. This index varies in the in-
terval (0, + o), indicating less discrepancy
when its value is closer to 1. The arithmetic
mean of the log of r(mir) was also used:

mlr=(1/ N)EZ1 logr, ()
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where 7, is the i-th value of r and N the
number of data. This index varies in the
interval (- oo, + o), indicating less discrep-
ancy when the value is nearer to 0. In addi-
tion, a modification of the geometric mean
of r (¢r) was used (Habersack & Laronne,
2002):

gr = (rlrz...r}...rN)l/N (3)

where the inverse value of r, was taken
when r, < 1 to ensure that gr > 1. Defined
this way, the index varies in the interval (1,
+ ), indicating less discrepancy when the
value is closer to 1. A weighted variation of
the index gr(gpr) was also used (Habersack
& Laronne, 2002):

gpr = (rp,rpy-rp-rp )"~ (4)

denotandorpunvalorderponderadoporla
potencia del caudal s6lido de fondo medido
where rp is a value of r weighted by the
power of the measured solid bed flow (rp =
risn) and the inverse value of rp, was taken
when rp, < 1 to ensure gpr > 1. Defined this
way, the index varies in the interval (1, +
), indicating less discrepancy when the
value is closer to 1.

In addition to the statistical indices
described, graphic representations of the
divergence between predicted and mea-
sured values were also used, which helped
to create a visual interpretation of the per-
formance of the formulas. The predicted
value (q,) was represented on logarithmic
coordinates in function of the measured
value (g, ) for each of the bed load data
(dispersion diagram). The distribution of
the discrepancy ratio (r) was also analyzed
using a box plot represented on a logarith-
mic scale.

Classifying formulas according to their
performance can vary depending on the
statistical properties of the index used as
the classifying criterion. Previous investi-

gations (for example, Barry, Buffington, &
King, 2007) found that given the frequency
with which the indices present bias errors,
a perfect index for a statistical evaluation of
the performance of the equations does not
exist. Therefore, a suitable combination of
various indices is recommended, as used
in this work. Regardless, to correctly inter-
pret the results the main limitations of the
indices used must be taken into account.
For example, the mr index is more sensitive
to values of r over 1 (for example, a value
of ¥ = 10 has much more weight in the
calculation of mr than a value of 0.1, even
though they both represent a deviation of
1 with respect to the axis of symmetry r =
1). On the other hand, for the mir index,
errors with the same magnitude have the
same weight regardless of the relative po-
sition with respect to the axis of symmetry,
logr = 0 (for example, r = 10 and r = 0.1).
Nevertheless, one of the greatest disad-
vantages is that values of logr having
equal magnitudes and opposite signs
compensate each other and result in
mlr = 0, in which case there is more sen-
sitivity to small deviations without sym-
metry (for example, if r,=15and r, =2,
then mlr = 0.24) than to large deviations
with symmetry (for example, if r, = 0.01
and r, = 100 then mlr = 0). Lastly, the gpr
index, by definition, is more sensitive to
errors when predicting higher measured
bed load values (g, ).

Results and Discussion

Tables 5 and 6 show the values of the statis-
tical indices for the three formulas evaluat-
ed with the broken armour condition (BA),
which involves the complete subset (N =
83, see Table 2) and the grouped subsets (N
=15, see Table 2). Figure 3 shows the rela-
tionship for each datum between predicted
and measured bed load transport (accord-
ing to the three formulas evaluated) with
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Figure 3. Representation of bed load transport predicted by the formulas evaluated versus measured bed load transport.
Figure 3a: complete database; Figure 3b: database gropued by liquid flow classes (Q). Only data predicting bed load
transport phases 2 or 3 are presented. The lines parallel to the perfect fit line (r=1) correspond to r = 0.1 and r = 10.

BA conditions, for the complete (Figure 3a)
and grouped subsets (Figure 3b). In Fig-
ure 4, box plots of the distribution of the
discrepancy ratio (r) are presented for each
formula and subset of data corresponding
to the BA condition (that is, complete and
grouped subsets).

First, the capacity of the formulas to pre-
dict the breakage or disturbance of the ar-

mour was analyzed. To this end, the values
of the dc and ndc indices shown in Tables 5
and 6 were used. The dc index was defined
as the percentage of data in the BA subset
(broken armour) for which the formula
predicted breakage or transport phases 2
or 3. Tables 5 and 6 show that the P-K-M
formula performs best, with 100% for both
subsets (complete and grouped). FormulaR
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Figure 4. Box plots of the distribution of the
discrepancy ratio between predicted and measured bed
load (r). The distinction (_a) indicates data set grouped

by classes of Q.

also resulted in high percentages— 80 and
93%— depending on the subset. Lastly, the
result from formula B was more sensitive
to the grouped data, with a percentages of
81 to 53%. Meanwhile, the ndc index was
defined as the percentage of data from the
sum of subsets UA and RA for which the
formula did not predict breakage of the
armour or predicted transport phase 1. In

this case, the performance of the formulas
was poorer than those analyzed earlier. In
effect, formulas B and R, which obtained
similar results, did not exceed 30% in the
best of cases, while formula P-K-M barely
exceeded 1%. Therefore, in general terms,
the formulas evaluated predicted thresh-
olds for breakage or disturbance of the
armour below the threshold observed in
the section studied. Thatis, they predicted
the beginning of phase 2 or 3 transport be-
fore it actually occurred. Considering the
results obtained from the study section, for
practical purposes the joint use of formu-
las B and R is most recommendable (in all
cases avoiding the use of formula P-K-M)
to predict the breakage or disturbance
threshold of armour and the beginning
of bed load transport phase 2. Neverthe-
less, this should take into account that the
resulting threshold will very likely be too
low.

Second, the capacity of the formulas
evaluated to predict the magnitude of bed
load was analyzed using the data in the BA
set with both the complete and grouped
subsets. It is important to mention that
the value of the statistics shown in Tables
5 and 6 was obtained using only the data

Table 5. Predictive capacity of the formulas evaluated with respect to the broken armour (BA) and complete subset (83 data).

The values in bold and underlined correspond to the first and second best classified, respectively, according to each statistical

index.
Formula dc? ndc® r(0.5-2)¢ | r(0.2-5)¢ | r(0.1-10)° mr mlr gr gpr
(%) (%) (%) (%) (%) ) ) ) )
P-K-M 100 1.2 43 70 87 6.27 0.083 34 5.3
B 81 30 16 39 64 0.62 -0.685 6.1 170
R 93 27 47 77 87 12.45 0.388 3.2 3.2

?Percentage of data corresponding to the broken armour condition (BA) for teh formula to predict transport in phase 2 or 3.

* Percentage of data corresponding to unbroken armour conditions (UA) and restablished armour (RA) for the formula to predict trasnport in

phase 1.

€0.5 < r <2, percentage of data whose quotient between predicted and measured (r) bed load transport does not exceed a factor of 2.

40.2 <r <5, percentage of data whose quotient between predicted and measured (r) bed load transport does not exceed a factor of 5.

0.1 < r < 10, percentage of data whose quotient between predicted and measured (r) bed load transport does not exceed a factor of 10.

fFor purposes of comparison and classification of predictive capacity of formulas, the values of mr in the interval (0,1) were considered according

to their reciprocol (1/mr).
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Table 6. Predictive capacity of the formulas evaluated with respect to broken armour (BA) and grouped subset (15 data).

The values in bold and underlined correspond to the first and second best classified, respectively, according to each

statistical index.

Formula dc ndc® r(0.5-2)¢ | r(0.2-5)¢ | r(0.1-10) mr mlr gr gpr
(%) (%) (%) (%) (%) (-) (-) (-) “)

P-K-M 100 0 47 67 93 0.90 -0.33 3.1 6.6

B 518 19 13 25 50 0.20 -0.88 7.6 1842

R 80 15 75 92 100 1.73 0.12 1.7 2.9

Percentage of data corresponding to the broken armour condition (BA) for teh formula to predict transport in phase 2 or 3.

b Percentage of data corresponding to unbroken armour conditions (UA) and restablished armour (RA) for the formula to predict trasnport in

phase 1.

€0.5 < r <2, percentage of data whose quotient between predicted and measured (r)bed load transport does not exceed a factor of 2.

40.2 <r <5, percentage of data whose quotient between predicted and measured (r)bed load transport does not exceed a factor of 5.

0.1 <r < 10, percentage of data whose quotient between predicted and measured (r)bed load transport does not exceed a factor of 10.

fFor purposes of comparison and classification of predictive capacity of formulas, the values of mr in the interval (0,1) were considered according

to their reciprocol (1/mr).

for which the formulas predicted breakage
or disturbance of the armour, that is, for
the percentage of data specified in statistic
dc. The above also applies to the graphs in
Figures 3 and 4. This should be taken into
account when comparing the predictive
capacity of the three formulas, since the
set of data were not exactly the same. In
addition, as was mentioned in the methods
section, the classification of the formulas’
performances can vary according to the
reference statistic used.

In general terms, the predictive capacity
of the formulas evaluated was relatively
low. For the three (the BA set without
groupings) the means of the percentage of
data with a deviation under 2 (0.5 < r < 2),
5(0.2 <r<5)and 10 (0.1 < r < 10), with
respect to predicted versus measured bed
loads, were 35, 62 and 79%, respectively.
Although the degree of divergence may
seem high, it is of the same order and often
lower than values reported by previous
investigations about the performance of
bed load formulas in gravel-bed rivers. For
example, Martin (2003) found average val-
ues of 19, 44 and 75% for deviations under
2, 5 and 10, while Martin and Ham (2005)
found values of 11, 25 and 47% and Reck-
ing (2010) of 13, 27 and 34%, respectively.

In addition, it is important to take into ac-
count that the bed load measurements in
the study section were semi-instantaneous
(that is, short duration with respect to the
total duration of the flood event) and it has
been found that the longer the duration of
a measured period the better the perfor-
mance of the formulas evaluated (Recking
et al., 2012).

Figure 4 shows the box plot of the
distribution of the discrepancy ratio cor-
responding to the predicted versus mea-
sured (r) bed load values for each formula,
for the complete and the grouped subsets.
The comparison of the diagrams of the
two subsets (complete and grouped),
per formula, shows that eliminating the
fluctuations by classes (by grouping the
data) notably reduces the dispersion of the
discrepancy ratio (r) values of the three.
This was accompanied by a decrease in the
median of the distribution of the three for-
mulas since the reduction in the dispersion
was not symmetric but rather much larger
for values of r over 1.

In general terms, Tables 5 and 6 show
that formula B has the best predictive
capacity for the complete subset (Table 5)
as well as for the grouped subset (Table 6).
The only exception was the mr index with
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the complete subset (Table 5). In this case,
formula B performed best because of the
bias of the mr index when r is much larger
than 1, which is much more frequent in the
case of the P-K-M and R formulas (Figure
4). Formula 4 presented the best fit between
prediction and measurements, with only a
few exceptions. Two of these exceptions
occurred with index mr (Tables 5 and 6)
due to that statistic being more sensitive
to values of r much larger than 1, as men-
tioned above. Another exception occurred
with the complete subset in relation to the
value of the mlr index (Table 5), which was
attributed to the low sensitivity of that
statistic when deviations are symmetric
(as shown in Figure 3a, when comparing
the dispersion diagrams of formulas R
and P-K-M, the best equation in this case).
Formula P-K-M was classified as second
in most cases, although it was statistically
much more similar to formula R than to B
(Figures 3 and 4). In addition, the predic-
tion errors in formulas P-K-M and R were
much lower with higher bed load measure-
ments, and much higher with low bed load
transport measurements (Figure 3).

In addition to the specific degree of fit
between measurements and predictions,
it is of interest to know whether a formula
tends to over-predict or under-predict bed
load transport. Figures 3 and 4 show that
formula B tends to predict lower bed load
values than those measured. Formula P-K-
M also showed this tendency but to a much
lesser degree. Lastly, formula R tends to
overestimate bed load measurements, but
also with a comparatively small bias. The
tendencies described are general, that is,
covering and including the entire range of
the measured bed load interval. Neverthe-
less, it is also useful to know whether the
tendencies varied according to the magni-
tude of other variables that are correlated
with bed load, for example, liquid flow.
To this end, Figure 5 presents the data in

the BA set (grouped subset) in function
of measured liquid flow (Q), as well as its
regression curve and the regression curves
of the three formulas evaluated. This
figure clearly indicates that formula B con-
sistently under-predicts for the entire flow
range, and formula R was the best fit for
flows under roughly 1 100 m?®/s, whereas
little differences between the predictions
by formulas P-K-M and R were found for
flows over that value.

It is important to note that when the
Recking (2010) formula was developed ,
46 data belonging to the RA subset (table
2) were included, taken from Vericat et al.
(2006b). Nevertheless, since they were only
used (along with over 3 000 data) to verify
the performance of the formula and not for
fitting or calibration purposes, this does
not compromise the independence of the
database used by the present study with
respect to formula R. It is also important to
mention that the results from the present
investigation may be sensitive to the sam-
pling period (two years), and the bed load

10 A

s (NAS-Lm-]>

0.1 A

P-K-M

0O Grouped BA

0.01 T T T T T T T T T 1
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Figure 5. Ratio between measured liquid flow (Q) and bed
load transport (q_) for the broken armour set (BA) and its
regression curve (dashed line) represnted along with the

regression cruves for the P-K-M and R formulas for the
same set of data.
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measurements were limited to a single
section of the river. A longer sampling
period would have showed differences in
the distribution of the measured bed load,
affecting the performance of the formulas
evaluated. Nevertheless, since the specific
years registered represent medium hydro-
logic years, the different stages in the bed
armouring cycle can be clearly seen, which
is rare in rivers of this size. Said stages
range from a more stabilized bed because
of a well developed armour to a more
mobile bed from the effect of breakage or
disturbance of the armour.

Conclusions

This investigation is considered to be a
direct and practical application in the
study section (for example, for designs of
flushing flow or gravel injection), while the
methodology and even the results them-
selves could be extrapolated to armoured
gravel-bed rivers with similar hydraulic,
sedimentary and geomorphological char-
acteristics.

In general terms, the formulas evaluated
predicted armour breakage or disturbance
thresholds below those observed; that is,
they predicted the beginning of phase 2 or
3 before they actually occurred. Neverthe-
less, significant differences were found
among the three equations, which have
practical implications. In effect, because
of the better results obtained, equations
B and R are recommended to predict the
breakage threshold of the armour in the
study section and the use of equation P-K-
M is not advisable.

Formulas P-K-M and R are recom-
mended to predict bed load for transport
phases 2 or 3 after calculating the breakage
of disturbance threshold of the armour ac-
cording to the recommendations described
previously. Nevertheless, the tendency of
formula P-K-M towards under-predictions
and the bias of formula R towards over-

predictions should be taken into account.
The use of formula B is not recommended
because of it significantly under-predicts.
Regardless, it is important to highlight that
this study found the performance of the
formulas to be within the order of magni-
tude, and even higher, than performances
reported by previous investigations.
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Abstract

Amabilis-Sosa, L. E., Siebe, C., Moeller-Chavez, G., Duran-
Dominguez-De-Baztia, M. C. (March-April, 2015). Mercury,
Chromium and Lead Removal Using Constructed Wetlands
Inoculated with Tolerant Strains. Water Technology and
Sciences (in Spanish), 6(2), 21-34.

The present investigation evaluated the performance of
constructed wetlands inoculated with strains tolerant to
heavy metals. The evaluation was conducted at thelaboratory
scale. These systems were compared to constructed wetlands
having the same construction and operating conditions but
containing conventional bacteria that is naturally present in
the rhizosphere of the reactors. Both types of reactors were
evaluated for the removal of mercury, lead and chromium
in solution over 151 days of operations. By day 100, the
systems inoculated with tolerant bacteria attained a stable
removal percentage of roughly 50% for Hg, 57% for Pb and
45% for Cr. The reactors with conventional bacteria removed
a percentage of heavy metals but the efficiency decreased as
the days of operation increased and it did not reach stable
values.

bacteria, tolerant strains,

Keywords: Rhizospheric

constructed wetlands, heavy metals.

Introduction

Among the various environmental and
public health problems that exist, those

Resumen

Amabilis-Sosa, L. E., Siebe, C., Moeller-Chdvez, G., Durdn-
Dominguez-De-Baziia, M. C. (marzo-abril, 2015). Remocion de
mercurio, cromo y plomo por humedales artificiales inoculados con
cepas tolerantes. Tecnologfa y Ciencias del Agua, 6(2), 21-34.

En la presente investigacion se evalué el desempeiio de humedales
artificiales a escala de laboratorio, inoculados con cepas tolerantes a
metales pesados. Estos sistemas fueron comparados con humedales
artificiales con las mismas caracteristicas constructivas y de
operacion, pero con bacterias convencionales que, naturalmente,
se encuentran presentes en la rizosfera de los reactores. Ambos
tipos de reactores fueron evaluados considerando la remocion de
mercurio, plomo y cromo en solucion durante 151 dias de operacion.
A partir del dia 100, los sistemas inoculados con bacterias tolerantes
presentaron estabilidad en el porcentaje de remocion alrededor de
50% de Hg, 57% de Pb y 45% de Cr. Por su parte, los reactores
con bacterias convencionales, a pesar de remover cierto porcentaje
de metales pesados, fueron reduciendo su eficiencia en funcion de
los dias de operacion, ademds de que no llegaron a presentar valores
estables.

Palabras clave: bacterias rizosféricas, cepas tolerantes, humedales
artificiales, metales pesados.
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related to wastewater containing heavy
metals have increased over recent years (Fu
& Wang, 2011). The Pan-American Health
Organization (PAHO) and the World Health
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Organization (WHO) have determined
these pollutants to be priorities because of
their high toxicity and long persistence in
the environment (CEPIS, 2001). The most
dangerous are chromium (Cr), mercury
(Hg) and lead (Pb), which are widely
used and generated by many industries
worldwide— mining, paper, leather,
electroplating and battery production,
among others (Fu & Wang, 2011; Khan,
Ahmad, Shah, Rehman, & Khaliqg, 2009). In
Mexico alone, 18 states present problems
from industries that use Hg, Cr or Pb as
prime materials or which produced them
as byproducts, as well as a combination of
these heavy metals (INE, 2004; SSA, 2006).
The concentrations of the total forms of
these compounds vary widely depending
on the type and the production capacity
of the industry. Reported concentrations
in discharged wastes range from 0.0005
to 2.2 mg I' for Hg (Loredo, Alvarez,
& Ordoériez, 2003), 5 to 75 mg 17 for Cr
(Barrera, Romero, & Martinez, 2003) and
7 to 130 mg I? for Pb (Lavado, Sun, &
Bendezu, 2010). Conventional wastewater
treatment plants are not currently able to
treat water containing heavy metals since
the biological system would collapse from
the toxicity of these inorganic cations or
they would be discharged untreated along
with the effluent. In addition, current
physiochemical options—such as activated
carbon, ionic exchange and chemical
precipitation— always present some sort of
drawback in terms of operations, finances
or efficiency (Barakat, 2010; Cheng, Grosse,
Karrenbrock & Thoennessen, 2002).
Meanwhile, recent studies have fo-
cused on bacteria that are resistant to the
most toxic heavy metals, including Hg,
Cr and Pb. For example, many cases have
isolated and genetically characterized
gram-positive Bacillus bacteria (Becerra-
Castro et al., 2012; Colak, Atar, Yazicioglu,

& Olgun, 2011; Salgado-Bernal, Carballo-
Valdés, Martinez-Sardifias, Cruz- Arias,
& Durdn-Dominguez-de-Bazda, 2012).
These microorganisms have been found
to have mechanisms that are resistant to
heavy metals— such as oxygen-transport
metalloproteins, along with the capacity
to excrete siderophores which are chelate
compounds providing extracellular pro-
tection (Schalk, Hannaver, & Braud, 2011).
Another mechanism that is resistant to
heavy metals, including chromium, is the
genetic capacity to reduce cations with
chromosome-specific genes that use reduc-
tase enzymes (He ef al., 2011; Kumar et al.,
2013).

Given the results reported above, au-
thors such as Rathnayake, Megharaj, Bolan
and Naidu (2010), Salgado-Bernal et al.
(2012), and Xie, Fu, Wang and Liu (2010)
have worked with heavy metal-resistant
bacteria to treat soils and surface water.
In a study by Salgado-Bernal et al. (2012),
the bacterial strains are not only resistant
to Hg, Cr and Pb but also present a certain
removal capacity in the aqueous phase.
These results, along with the problems de-
scribed, suggest that constructed wetlands
containing resistant bacteria may be a
technically efficient for treating wastewa-
ter containing heavy metals, since these
systems remove pollutants through the
interaction of bacteria and vegetation. Un-
like biological systems that do not contain
vegetation, this interaction has enabled
constructed wetlands to be used to treat
water containing a certain level of heavy
metals. Thus, it is suggested that heavy
metal-resistant bacteria can be used in con-
structed wetlands to provide and improve
the capacity to remove Hg, Pb and Cr, as
compared to systems with conventional
bacteria from wastewater. Furthermore,
concentration levels characteristic of in-
dustrial discharges could be treated.
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The present work evaluates the mercury,
chromium and lead removal efficiency of a
constructed wetland inoculated with resis-
tant strains, and compares it to the same
system without the addition of resistant
bacteria. The results provide preliminary
experimental data and the initial design
elements for future pilot-scale studies re-
lated to the treatment of effluents contain-
ing heavy metals.

Methodology
Experimental Design

Six laboratory-scale reactors were used,
containing PVC cylinders measuring
39 cm high and 20 cm in diameter, for a
height/diameter ratio of 1.7:1— within
the proportions recommended and widely
used for this type of system (Liideritz,
2004; Puigagut, Caselles-Osorio, Vaello, &
Garcia, 2008; Winter & Goetz, 2003; Wood,
1995). These dimensions correspond to the
fill volume of the support medium, which
consisted of volcanic rock called tezontle,
with a particle diameter from 3.8 to 4.5 mm
and a porosity of 38% (Kadlec et al., 2000;
USEPA, 2000). The water level in each of
the six wetlands was adjusted to 5 cm be-
low the surface of the fill medium, resulting
in a liquid volume of approximately 4.0 1.
Three of the six systems were sterilized and
inoculated with a heavy metal-resistant
bacterial consortium, identified as RSR.
The other three systems were not sterilized
in order to contain bacteria associated with
the rhizosphere of the vegetation. These
are identified as conventional strain reac-
tors (CSR).

Operating Conditions of the Constructed
Wetlands

The phragmites species was planted in all
the constructed wetlands (RSR and CSR).

In the case of the three reactors inoculated
with resistant strains (RSR), the rhizo-
sphere was sterilized by applying 10% Na-
ClO (sodium hypochlorite), followed by
70% C,H,O (ethanol) (De Souza, Huang,
Chee, & Terry, 1999). The fill material was
also washed and sterilized with moist heat
at 115°C for 15 minutes using an autoclave
(Black, 1999; Ramirez et al., 2011).

After the six wetland systems were
filled and planted, the three CSR were in-
oculated with a bacterial consortium con-
sisting of five heavy-metal resistant strains
previously studied by Salgado-Bernal et al.
(2012), all belonging gram-positive Bacil-
lus genus — TAN117, TAN119, TAN1113,
TAN1115 and TAN217. The inoculation was
performed by planting each one of the re-
sistant strains mentioned in an Erlenmeyer
flask with one liter of nutrient solution. Af-
ter the bacteria proliferated, the medium
was diluted to a concentration of 300 mg
I of COD. This solution was then poured
into each of the three RSR which, given
their dimensions, exhibited an organic
load of 16 gm™?d, a value characteristic of
constructed wetland systems (Kadlec et al.,
2000; Kadlec & Wallace, 2009).

The RSR were fed with a solution con-
taining a C )H, O,, (sucrose) content of 400
mg I of COD (Masters & Ela, 2008) so that
the organic load mentioned above would
be the same in all the reactors.

For both types of reactors, the develop-
ment of the microbial density was quanti-
fied as of day 3 and daily thereafter, based
on unit forming colonies (UFS) by counting
viable cells using the pour plate method.
This quantification was performed until
day 15, the point at which the six reactors
were considered to be colonized, having
presented an asymptotic behavior in the
bacterial density over time, reaching a
value of roughly 37 x 10° UFC ml™.

After bacterial colonization, the six re-
actors were operated in batch for 136 days

Water
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(151 total days from the time of inocula-
tion), changing the water every four days.
Table 1 shows the composition of the syn-
thetic wastewater used to feed the reactors,
based on studies by Ordufia- Bustamante,
Vaca-Mier, Escalante-Estrada and Durdn-
Dominguez-de-Bazda (2011). The values
shown are characteristic of typical munici-
pal wastewater (Crites & Tchobanoglous,
2000; Masters and Ela, 2008). Heavy metal
concentrations were determined using
bacterial and phytotoxicity tests to ensure
that the biological components of the con-
structed wetlands were not inhibited and
that these systems could operate as waste-
water treatment systems over the course
of the days. In addition, the heavy metal
concentrations used were characteristic of
discharges from the industries previously
mentioned (Barrera et al., 2003; Lavado et
al., 2010; Loredo et al., 2003). The proce-
dures for testing toxicity will be described
next.

Phytotoxicity and Bacterial Tests

To test for phytotoxicity, a biological test
was conducted with Lactuca sativa seeds to
evaluate the effects of the heavy metal mix-
ture of interest. The methodology used was
described by Sobrero and Ronco (2004),
in which the germination of the seeds as

well as the development of lettuce seed-
lings were statistically determined based
on radicle (root in the embryonic phase)
and hypocotyl (stem in the embryonic
phase) measurements. The different con-
centrations tested are described in Table
2. The germination tests were performed
in triplicate for each concentration and
each repetition contained 10 dispersed L
sativa seeds. After incubating the seeds, in-
hibitions in germination and / or hypocotyl
and root development were observed and
the results were compared against the con-
trol (zero concentration of heavy metals),
thereby establishing the inhibition percent-
ages for each concentration evaluated.

The biological test to identify the effect
of each heavy metal mixture on the bacteri-
al density of the resistant bacterial consor-
tium was performed in a similar manner as
the phytotoxicity tests. The concentrations
shown in Table 2 were evaluated, which
according to previous studies by Salgado-
Bernal et al. (2012) are the maximum con-
centrations obtained by the proliferation
of the bacteria of interest. These are similar
to the maximums evaluated by the pres-
ent study. In general terms, the nutrient
solution was prepared in triplicate for each
concentration of heavy metal mixture to be
tested (Table 2), followed by inoculation
by roasting, extracting the inoculum from

Table 1. Composition of synthetic wastewater used to feed each of the constructed wetland

: systems.

=

_2 Nutrient Concentration, mg 1" Compound used
i Carbon 400 (expressed as COD) C,H,0,
7: Nitrogen 30 (NH,),SO,
E. Phosphorus 6 Na,PO,
/; Potasium 30 KNO,
é Mercury 0.106 HgCl,
é Lead 26 Pb(NO,),
2 Chromium 165 Cr(NO,),
E
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each agar nutrient containing the resistant
bacteria. After incubating for 40 hours at
34°C, the bacteria in the consortium were
quantified after the pour plate analysis to
obtain the results in UFC ml"! (Aquidhuatl
& Pérez, 2004; Ramirez et al., 2011). Com-
paring these to the respective heavy metal
concentrations, the lethal concentrations
(LC) proportional to the degree of inhibi-
tion were calculated. Thatis, LC, referstoa
heavy metal concentration that inhibits the
bacterial population by 50% with respect
to the control without heavy metals, and in
function of the resulting equation (kinetic
behavior). In effect, LC_ is the variable
used in studies to test toxicity, especially
when the test organisms are bacteria, since
even though the population is reduced by
50%, inhibition is proportional to repro-
duction by binary fission (duplication)
(Sobrero & Ronco, 2004).

Analytical Determinations and Statistical
Analyses

Samples were taken from each reactor
every four days, according to the times
at which water was changed, using
polyethylene jars previously washed
with 5% HNO, (nitric acid). Metals were
determined with a Perkin-Elmer Optima
4 300DV atomic absorption spectrometry,
using the generation of hydride for the

mercury samples and the flame method for
lead and chromium, according to the pro-
tocol by the USEPA 3 005A method (1996).

To compare efficiencies
between the two types of constructed
wetlands, all the heavy metal results were
statistically analyzed with an analysis
of variance and ANOVA using repeated
measurements. Before the ANOVA analy-
sis, the normality and homogeneity of the
data were verified with the Kolmogorov-
Smirnov test. Minitab 15 for Windows was
used for these analyses.

removal

Results and Discussion

The results from this investigation are
presented next in the order in which the
experiments were performed (rather than
the order of the methodologies followed).
That is, the metal concentrations required
for the laboratory tests with the reactors
that simulated constructed wetlands will
be presented first, followed by the results
from testing with the heavy metals.

Toxicity Tests of the Heavy Metal Mixture

Figure 1 shows the dose-response curves
for each of the toxicity tests performed. In
terms of phytotoxicity, the heavy metals
did not present any lethal effects given
that all the seeds germinated after incuba-

Table 2. Heavy mental concentrations in the mixtures applied during toxicity tests of the microbial consortium

and the L. sativa seeds.

Combination of heavy metal concentrations, mg 1

Concentration level Chromium Lead Mercury

0 0 0 0

1 0.525 0.825 0.003

2 35 55 0.02

3 10.5 16.5 0.06

4 21 88 0.12

5 42 66 0.24

6 70 110 0.4

Water
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tion time. Nevertheless, notable inhibitory
effects on plant growth were observed,
as compared to the control which did
not contain the heavy metals mixture, as
shown in Table 3. This table also shows a
close similarity among the last three values
of the hypocotyl length (corresponding to
the three mixtures highest in metals), and
therefore the response (effect) to the high
dose was virtually the same. The column
showing the radicle length indicates that
this decreases proportionally to the in-
crease in the concentration of heavy metals.
Such behaviors in vegetation from the ef-
fect of high doses of heavy metals coincide
with reports by Di Salvatore, Carafa and
Carrata (2008), and Walter, Martinez and
Cala (2006), who also worked with at least
three of the metals used by the present in-
vestigation. Figures 1a and 1b present the
inhibition percentages corresponding to
the hypocotyl and radicle lengths, respec-
tively, in function of the concentration of
metals applied. The asymptotic trend in
the inhibition is characteristic of perform-
ing this type of test with photoautotrophic
specimens, since inorganic toxic com-
pounds can circulate through tissue with
a saturation limit, resulting in a first-order
assimilation (Nagajyoti, Lee, & Sreekanth,
2010). The curves in Figures la and 1b
show that the concentrations resulting in
a 50% inhibition in radicle and hypocotyl
growth are very similar in both parts of the
plants— 0.109 mg 1" of Hg, 17.3 mg 1" of
Cr and 27.2 mg I"! of Pb for the radicle, and
0.106 mg I of mercury, 16.5 mg I of Cr
and 26 mg 1" of Pb for the hypocotyl.
Figure 1c shows the bacterial inhibition
in function of the concentration of heavy
metals applied. The equation of the result-
ing curve (first-order characteristic) shows
an LC, for the bacterial consortium of 0.112
mg I for Hg, 18.2 mg 1. mg 1" for Cr and
29.5 mg 1" for Pb. These are higher than the
maximum allowable values for biological

70 r
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20

10 2
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Figure 2. Results from toxicity tests from the mixtures of the
three heavy metals: inhibition of growth of the hypocoltyl
(Figure 1a); inhibition in root growth (Figure 1b); inhibition
of bacterial development or “growth” (Figure 1c)

(+ standard deviation).

wastewater treatment systems (Jin, Yang,
Yu, & Zheng, 2012; Karvelas, Katsoyiannis,
& Samara, 2003) and very similar to those
reported by Viti, Pace and Giovannetti
(2002), while they are lower than the in
vitro study by Congeevaram, Dhanaran,
Park, Dexilin and Kaliannan (2007).
Considering the lethal concentrations
obtained with the three tests performed,
the ones that were lowest in the feed water
were used, which correspond to the hypo-
cotyl. This ensures that the wetland sys-
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tems can operate without collapsing from
the presence of heavy metals. It is worth
mentioning that these concentrations are
within the ranges reported in the different
industries that generate at least one of
the heavy metals tested in this study, as
mentioned in the methodology. Thus, the
results obtained in this first experimental
phase provide criteria for subsequent stud-
ies of heavy metal removal using this type
of biological system. Specifically, concen-
tration levels that are feasible for removal
were determined, and the procedure was
established to identify those levels given
variations in the microorganisms or heavy
metals to be evaluated.

Heavy Metal Removal

Figure 2 shows the removal of three heavy
metals by the two types of reactors evalu-
ated over the 151 days of operation. When
applying the Kolmogorov-Smirnow test to
determine the normality of the data, the
tests with Pb and Cr resulted in a normal
distribution (P > 0.05), whereas with mer-
cury the distribution of the data did not fit
a normal distribution (P < 0.05) but rather
a Weibull distribution. Therefore, the Box
Cox transformation method was used and
an ANOVA analysis with repeated mea-
surements was applied.

Figure 2a shows the trends in mercury
removal obtained with the constructed
wetlands, which was 50%, on average,
with conventional bacterial strains (CSR)
and 60% with the reactors containing
resistant bacteria (RSR). At the beginning
of operations, removal values over 90%
were observed in both systems, with a
decreasing trend up to day 30, at which
point removal began to increase in both
types of reactors until day 50. After this,
it fell sharply to under 50% on day 74 of
operations. The high mercury removal
percentages obtained until this point are
likely related to volatilization, as sug-
gested by Ventura, Simoes, Tomaz and
Costa (2005), and Schliiter (2000), in addi-
tion to the evapotranspiration of the metal
by the vegetation (Han, Su, Monts, Wag-
goner, & Plodinec, 2006; Kabatas-Pendias
& Pendias, 2001). This would explain why
the behavior and removal was virtually
the same for both types of reactors during
the first half of the experiments. Neverthe-
less, after day 74 only the RSR presented
stable behavior, especially over the last 30
days, period during which the removal ef-
ficiency of the CSR tended to decrease as
the days of operation increased (in spite of
showing little variation) and the removal
efficiency did not stabilize. This difference
between the RSR and CSR systems is due

Table 3. Quantitative effect of the heavy metal dose applied during phytotoxicity and bacterial toxicity tests

(+ standard deviation).

o | st | My ma | PSS |ttt
0 0 0 30 000 + 2900 2.70 +0.08 4.50 + 0.06
0.525 0.825 0.003 27000 +3 100 2.14+0.20 410+ 0.46
3.5 5.5 0.02 22000 +2 100 1.93 £0.20 3.96 +0.43
10.5 16.5 0.06 10 000 + 1 400 1.41+0.16 3.31£0.25

21 33 0.12 3900 + 300 0.31£0.26 1.87 £0.12

42 66 0.24 12 +1.10 0.26 + 0.35 2.20+0.51

70 110 04 2+0.15 0.18 +0.23 1.60 £0.20
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(+ standard deviation).

to the type of organisms with which they
were inoculated since, as indicated by Sal-
gado-Bernal et al. (2012), with some heavy
metals concentrations generational adap-
tations contribute to the RSR consortium’s
resistance capacity and proliferation. That
is, in spite of inhibition by the heavy met-
als, proliferation through binary fission
stabilizes the bacterial population (De, Ra-

maiah, & Vardanyan, 2008; Xie et al., 2010).
This difference is reflected in the statistical
analysis, where significant differences (P <
0.05) occurred as of day 80 of operations.
The removal efficiencies in this study
are below those reported by De et al. (2008)
and Filali et al. (2000), although the experi-
mental conditions are not the same, since
these two investigations only performed in
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vitro tests without introducing the bacteria
in the operating conditions of wastewater
treatment systems.

In terms of removal of Pb, Figure 2b
shows the removal efficiency varying
around 55% in the reactors inoculated
with resistant strains (RSR) from day 15 to
day 80. Thereafter and until the end of op-
erations the behavior became very stable,
with variations under 5%. In effect, the
trend line was asymptotic once the maxi-
mum removal was reached (55%). This is
likely due to the complete adaptation of
the resistant bacteria to the constructed
wetland conditions, and to the interaction
with the vegetation, in particular. This can
be explained by evidence of the tendency
of lead to accumulate in the rhizome and
in the roots of aquatic plants over the first
days (Deng, Ye, & Wong, 2004), which
was precisely when the lead removal was
relatively high, though unstable (Figure
2a). Along these same lines, a large part
of the removal exhibited during the first
80 days of operations (Figure 2b) likely
occurred from the rhizosphere’s assimila-
tion of the vegetation, which was greater in
the RSR system. This assimilation mainly
occurs from heavy metals bonded with
secondary transporters (such as proteins)
passing through the plasmatic membrane
of the vegetation (Clemens, Plamgreen
and Kramer, 2002; Guerinot, 2000). In ad-
dition, microorganisms associated with
the rhizosphere foster the regeneration of
proteins and other compounds which are
exuded by the plants (Clemens et al., 2002;
Williams, Pittman y Hall, 2000).

Using conventional bacterial systems
(CSR) the trend is opposite to that of the
RSR, with removal dropping up until day
80. Nevertheless, the variations decrease
after this point and become stable over
the last 20 days of operation, although the
removal percentage is roughly half that
of the RSR, with statistically significant

differences over time (P < 0.005). These
results indicate the ability of the bacteria
to adapt to media polluted with lead and
to continue performing their metabolic
functions, interacting with the vegetation
and removing metal, even though they
are not resistant at first. This reflects an
evolutionary characteristic suggested by
Rathnayake et al. (2010), and Vacca, Wand
and Kuschk (2005), which coincides with
Lyer, Mody and Jha (2005) who report that
the microorganisms contain natural lead
detoxification mechanisms through cel-
lular exudates which function as chelates.
Lastly, the trend for chromium removal
was best with both types of systems. Figure
2c shows that the reactors inoculated with
resistant strains (RSR) began with removal
values of around 60%, which decreased to
47% by day 80. Thereafter and until the
last day of operation, the removal stabi-
lized at around 50%, with variations under
10%. This behavior is different than that
observed with the constructed wetlands
containing conventional strains (CSR),
which became less efficient in removing
chromium over time. Though removals of
around 50% were obtained over the first
days of operation, this decreased to 24% by
the end of the tests and the behavior was
not stable (Figure 2c). Therefore, the results
from the two types of systems present sta-
tistically significant differences after day
40 of operations (P < 0.05). The higher re-
moval registered in the resistant strains is
likely due to the same mechanisms as with
lead, in which resistant bacteria interact
synergistically with the vegetation. In ad-
dition, the literature reports that a higher
proportion of chromium than lead is trans-
located (Cheng et al., 2002), which could
have resulted in chromium removal being
more stable than lead removal, exhibiting
mobility throughout the plant and not only
in the roots (Khan et al., 2009) (Figures
2b and 2c¢). Furthermore, as mentioned,
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the heavy metal-resistant bacteria have a
protection mechanism which reduces the
cations through reductase enzymes (He et
al., 2011; Kumar et al., 2013). In the present
study, this reduction in valence turned out
to be beneficial in terms of toxicity for the
case of chromium.

The chromium removal percentages
obtained by the present investigation coin-
cide with reports by Kropfelovd, Vymazal,
Svehla and Stichovd (2009) and by Mant,
Costa, Williams and Tambourgi (2006).
These authors worked with constructed
wetlands and the wastewater characteris-
tic of leather industries.

In general, the results from this last
experimental portion indicate that, for the
three metals, the systems with resistant
bacteria (RSR) stabilized after 100 days of
operation. This information is useful to
pilot-scale and full-scale studies related to
design, start-up, operations and removal
levels to be obtained once the constructed
wetlands stabilize. In effect, the design and
operations of wastewater treatment sys-
tems require that variations in discharges
not exceed 10% (Crites & Tchobanouglous,
2000; Masters & Ela, 2008) and the present
study attained this level of stabilization,
particularly for lead, which varied by 5%.

It is worth mentioning that the above
contribution— with its focus on scaling
to treat water containing mercury, lead
and/or chromium from the industries
mentioned — can be considered applicable
given the results produced by the systems
with resistant bacterial strains, which sta-
bilized the removal of heavy metals.

The possible removal mechanisms
found in constructed wetlands include
phytoextraction, adsorption by the fill
media and volatilization.

In effect, resistant strains contribute to
increasing or improving the functioning
of these mechanisms in these systems. In
terms of adsorption in the constructed

wetlands, bacteria proliferate in the form
of biomass adhered to the fill media, which
is known as a biofilm. This is an efficient
bioadsorbent of heavy metals (Chong, Ah-
mad, & Lim, 2009 ), which are released in
a suspended manner over time. Since they
are resistant organisms, the biofilm grows,
develops and regenerates regardless of the
presence of heavy metals (Nies, 2003). Phy-
toextraction is another mechanism that is
optimized by the resistant bacteria. In this
case, metals accumulate in the vegetative
organs as a result of the bonding of these
cations with bacterial proteins and the se-
lectivity of root membranes and rhizomes
to these molecules, enabling them to enter.
This molecular modification into metal-
loproteins is characteristic of heavy-metal
resistant microorganisms (Schalk et al.,
2011), resulting in significant differences
between the two types of systems evalu-
ated. The increased phytoextraction from
the use of resistant bacteria is more evident
in mercury removal, which can be evapo-
transpired through the upper organs of
vegetation (Clemens, 2006) and transferred
to the atmosphere (volatilization) because
of its low vapor pressure (Kabatas-Pendias
& Pendias, 2001; Ventura et al., 2005).

The results presented by the study
herein demonstrate the importance of
using resistant strains in constructed
wetlands to remove heavy metals. In
this case, the removal of the three metals
was similar (roughly 50%), although the
maximum allowable limits established by
NOM-001-SEMARNAT-1996 (DOF, 1996)
were not satisfied because of the influent
concentrations mentioned in previous
paragraphs. Nevertheless, it is worth
highlighting that this fact is not due to the
degree of efficiency but rather the high
influent concentration being treated. That
is, the regulations would not have been
met even if removal efficiencies over 95%
had been obtained. Therefore, the few
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systems used to treat industrial effluents
containing chromium, lead and/or mer-
cury pollutants always operate sequen-
tially or in combination with other systems
(physiochemical or electrochemical) (Fu &
Wang, 2011; Khan et al., 2009). These sys-
tems could be substituted by constructed
wetlands as a primary treatment or as a
secondary polishing treatment, since they
are much more economically and opera-
tionally accessible and they generate sec-
ondary benefits (Kadlec et al., 2000; Kadlec
and Wallace, 2009).

Conclusions

The results from the removal of heavy
metals by the systems studied demon-
strate the contribution of resistant strains
in constructed wetlands, which increased
removal and, in particular, contributed to
stability. This latter aspect makes it pos-
sible to implement them as systems to treat
wastewater containing mercury, lead and /
or chromium.

The increased removal and stability
achieved by the treatment of heavy met-
als are likely due to improvements in the
removal mechanisms in the wetlands (ad-
sorption, phytoextraction and volatiliza-
tion). It would be useful to study the role
of resistant bacteria in accumulating and
distributing heavy metals in constructed
wetland systems, considering each one
of the factors involved— vegetation, fill
media, bacteria and effluent. To this end,
the results from the present study provide
criteria to build and operate these systems
based on experimental tests.

Considering the removal efficiencies at-
tained and the reported concentrations of
mercury, chromium and lead in industrial
effluents, constructed wetlands inoculated
with resistant strains could be a useful al-
ternative, necessarily in combination with

physiochemical treatment in order to com-
ply with current regulations. To corrobo-
rate this, pilot-scale studies based on the
results from the present investigation will
be useful, given that the heavy metal influ-
ent concentrations (according to the toxic-
ity tests) and the operating characteristics
used were adequate, as demonstrated by
the subsistence and proliferation of both
the bacteria and the vegetation throughout
the entire operating period and the fact that
the values fell within the range of those
reported for effluents from industries that
use and /or produce heavy metals.
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Abstract

Garcia-Galindo, O., Pedroza-Sandoval, A., Chavez-Rivero,
J. A. Trejo-Calzada, R., & Sénchez-Cohen, I. (March-
April, 2015). Evaluation of Different Sources of Organic
Fecal Matter as Inoculum for Methane Production. Water
Technology and Sciences (in Spanish), 6(2), 35-49.

The use of alternative energies is growing in light of the
high costs of fossil fuels and their environmental impact.
The objective of this study was to determine the best source
of organic fecal matter for use as an initial inoculum in the
production of methane, at different temperatures. Batch
reactors of 1 000 ml were established in vitro and organic
fecal matter and a microbial solution were added as an initial
inoculum. A random block design with three repetitions

was used. Four sources of organic matter were evaluated —

human, cow, pig and goat— as well as the possible double
combinations. Each treatment was subjected to temperatures
of 3, 37 and 50 °C. A slightly acidic pH created a higher
chemical oxygen demand (COD) and therefore a larger
production of methane. According to the COD, organic
matter from pigs and the combination of pigs and goats
were the best treatments (P < 0.05) for the production of
methane, primarily at a temperature of 37°C. The removal
of organic matter was more efficient and thus methane
production was improved during a second scaling phase
of the best treatment identified in the in vitro stage, using
a UASB (Upflow Anaerobic Sludge Blanket) reactor, with a
pH stabilized near neutral and slightly acidic at the end of
the experiment.

Keywords: Alternative energy, methane gas, biogas,
environmental impact.

Resumen

Garcin-Galindo, O., Pedroza-Sandoval, A., Chdvez-Rivero, |.
A., Trejo-Calzada, R., & Sdnchez-Cohen, I. (marzo-abril, 2015).
Evaluacién de fuentes de materia orgdnica fecal como indculo en
la produccion de metano. Tecnologia y Ciencias del Agua, 6(2),
35-49.

Las energias alternativas estdn tomando auge ante los altos costos de
los hidrocarburos fosiles y el impacto ambiental. EIl objetivo de este
estudio fue determinar la mejor fuente de materia orgdnica fecal como
inéculo inicial a diferentes temperaturas en la produccién de metano.
Se establecieron reactores Batch de 1 000 ml en condiciones in vitro,
a los cuales se les adicioné materia orgdnica fecal y una solucion
microbiana como indculo inicial. Se usé un disefio en bloques al
azar con tres repeticiones. Se evaluaron cuatro fuentes de materia
orgdnica: humano, vaca, cerdo, cabra, mds las combinaciones dobles
posibles; cada tratamiento se sometié a temperaturas de 3, 37 y 50
°C. El pH con ligera tendencia hacia la acidez propicié una mayor
demanda quimica de oxigeno (DQO) y, por ende, mayor produccion
de metano. De acuerdo con la DQO, las fuentes orgdnicas de cerdo y
la combinacion de cabra y cerdo fueron los mejores tratamientos (P <
0.05) en la produccion de metano, principalmente a una temperatura
de 37 °C. En una segunda fase de escalamiento del mejor tratamiento
identificado en la fase in vitro, mediante uso de un reactor UASB
(Upflow Anaerobic Sludge Blanket, por sus siglas en inglés), el pH
se estabilizé hacia el valor neutro, con ligera tendencia al final hacia
la acidez, haciendo mds eficiente la remocién de la materia orgdnica
Y, por tanto, la produccién de metano.

Palabras clave: energia alternativa, gas metano, biogds, impacto
ambiental.
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Introduction

From an ecological perspective, the lack of
water and the environmental impact from
the use of fossil fuels are some among the
most common problems on the planet,
particularly in arid zones where water
is most limited. Producing methane gas
with anaerobic digestion and reusing it to
treat wastewater is a viable alternative in
which biogas production and the efficient
use of water contribute to addressing the
problem on a regional level (Fang, Ke,
& Shang, 2004). In terms of biogas pro-
duction, the main gases that contribute
to the greenhouse effect (GE) are carbon
dioxide, methane, nitrogen oxides and
chlorofluorocarbons, among others with
lesser effects. Carbon dioxide is among
those having the most impact. It is released
into the atmosphere as a result of human
activity such as burning fossil fuels and
felling forests, which reduce the biologi-
cal fixation of CO, (Carmona, Bolivar, &
Giraldo, 2005). Methane contributes to
15% of global warming and is one of the
gases with the greatest capacity to create a
greenhouse effect, 23 times more than CO,.
Fortunately, large quantities do not exist
in the atmosphere, but it is important to
prevent it from increasing (Moss & Givens,
2000). Animal production is one of the
sources of methane generation, particular-
ly ruminants such as cattle, goats, sheep,
buffalo and camelids. These animals digest
food through a process called “enteric fer-
mentation” where the microorganisms in
the digestive system (rumen) ferment the
food. The fermentation releases methane
into the atmosphere as a byproduct. In
non-ruminants, fermentation occurs in
the large intestine and the bacteria have a
much lower capacity to generate methane
(McCaughey, Wittenberg, & Corrigan,
1999).

Thus, the amount of methane released
depends on the type of animal, the type
and digestibility of the food and the level
of production. In addition, manure creates
methane and nitrous oxide emissions, and
the manure generated by confined animals
who are fed high energy foods has twice
the methane emissions capacity as manure
from animals consuming large amounts by
foraging (Orrico-Junior, Orrico, & Judnio,
2011).

From an anthropocentric perspec-
tive the production of food from animal
origins— and particularly ruminants— is
a necessity. Nevertheless, this should not
be a reason to continue to ignore the prob-
lem. Given the complexity of the problem,
alternative solutions need to be analyzed
in order to mitigate the negative impact
from this type of activity, as opposed to
trying to eradicate it. From the ecological
perspective, one option is to determine
how to use this type of waste based on
its potential to contribute to greenhouse
gas emissions (GGE), such as the case of
methane; on the one hand, using it as a
source of prime material, and on the other
as alternative energies such as biofuels to
meet domestic and even industrial needs
demanded by today’s society. Biofuels rep-
resent an important alternative to satisfy
current energy demand nationally as well
as internationally, since they can be used
as an energy source for various purposes,
thereby mitigating the greenhouse effect
and contributing to the sustainability of
natural processes (Carere, Sparling, Cicek,
& Levin, 2008). In particular, methane pro-
duction from organic waste is a viable and
increasingly pertinent alternative. In rural
regions in developing countries, many cel-
lulose biomasses are abundantly available
and have good potential to satisfy energy
demands, especially domestic (Shanta
& Ramakant, 2010). Therefore, biogas
production through anaerobic digestion
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using ASBR (Anaerobic Sequencing Batch
Reactor) is increasingly common because
of the advantages they provide: ease in op-
eration, effective treatment of compounds
that are poorly degraded (such as phenol)
and stability of the process under changes
in temperature (Guieysse, Wikstronm,
Forsman, & Mattiasson, 2001; Bermudez,
Rodriguez, Martinez, & Terry, 2003; Chen,
Cheng, & Creamer, 2008). In addition, the
results obtained with this type of reactor
support decisions about the design and
construction of treatment systems used in
biogas production, which should be based
on: 1) maximum protection of public and
environmental health and 2) minimum
construction and operating costs (Lorenzo
& Obaya, 2006). Given this scenario, the
efficiency of UASB (Upflow Anaerobic
Sludge Blanket) reactors to treat wastewa-
ter needs to be analyzed for their ability
to produce biogas and to treat wastewater
for reuse in regions where water is limited
but where high amounts of organic matter
(manure) are also produced, such as the
study area for the present investigation.

UASB reactors provide a series of
advantages over conventional aerobic sys-
tems, primarily: lower implementation and
maintenance costs; lower production of ex-
cess sludge; less electric energy consump-
tion; and simple functioning (Ramirez &
Koetz, 1998). Thus, anaerobic filters are
relatively small, easy to build and present
good organic matter removal efficiencies
(Castillo, Solano, & Rangel, 2006). They
improve water treatment for subsequent
stages, since they have a higher concentra-
tion of bacteria than other systems which
enables operating with higher organic
loading rates. They also reduce clogging
from solids and the possibility of short
circuits.

Considering the above, the study’s
objective was to identify the best sources

of fecal organic matter, or combinations
thereof, for the production of methane gas,
at different temperatures, using anaerobic
degradation and with batch reactors. A
second experimental stage was to test the
best treatment identified in the first stage
using a UASB reactor to produce biogas.

Materials and Methods
Geographic Location

The study was performed under in vitro
conditions in the laboratory at the Region-
al Arid Zones University Unit (URUZA,
Spanish acronym), at the Autonomous
University of Chapingo (UACH, Spanish
acronym) in Bermegillo, Mapimi, Du-
rango, Mexico. This region is located at
coordinates 104° 36” 36" and 103° 33” 36’
west longitude and 26° 5” 24" and 25° 28”
48’ north latitude. In addition, support was
provided by the Research and Advanced
Studies Center of the National Polytechnic
Institute, located at 9.6 kilometers on the
Libramiento Norte, Irapuato-Leon high-
way, 36821 Irapuato, Guanajuato, Mexico,
located at coordinates 20° 43” 8 north and
101° 19” 43" west (Garcia, 1973).

Sample Collection

The different organic materials used as
inocula to produce methane were obtained
from different sites in the area of influence
of the URUZA. Human organic matter
was obtained from the sewer sump pump
collector. Pig, goat and bovine matter was
collected from the university’s livestock
farm. The samples were collected in 1-liter
clear plastic jars which were closed after
collecting the samples and transported to
the laboratory.

Water

Technology and Sciences. Vol. VI, No. 2, March-April, 2015




Technology and Sciences. Vol. VI, No. 2, March-April, 2015

1))

Garcia-Galindo et al., Evaluation of Different Sources of Organic Fecal Matter as Inoculum for Methane Production

Establishment and Operations of the Batch
Reactor

The study was performed with 1 000 ml
batch reactors according to Guieysse et al.
(2001). After applying the fecal organic mat-
ter and microbial inoculum, 10 g of plastic
bottle pieces were placed in the reactors as
an inert support to foster the formation of
the bacterial biofilm. The bacterial consor-
tium applied inside the reactors consisted
of 50 ml of solution containing various an-
aerobic bacteria, particularly Pseudomonas
spp. and Brevibacillus sp., among others.
These degrade the organic matter through
an anaerobic process. The consortium used
was provided by the Lerdo municipal
wastewater treatment plant, in the state of
Durango. Four grams of fecal matter were
used for each source of inoculum, diluted
in 700 ml of water in each of the stationary
reactors, also called batch ASBR (Anaero-
bic Sequencing Batch Reactor) (Guieysse et
al., 2001). This proportion was determined
according to the average organic load in
most of the wastewater in the study re-
gion so that the information generated, if
positive, could be used to produce biogas
while also obtaining treated wastewater.
After the organic matter was introduced,
the reactors were closed and air was ex-
tracted until reaching anaerobic conditions

(Figure 1). Then, a sample of gas was taken
with a needle and a Vacutainer tube. The
sample was stored for later quantification.
In order to determine the methane produc-
tion during different growth phases of the
bacterial consortium, this procedure was
performed every week between November
and December 2011 until the experiment
was completed. Thus, the hydraulic reten-
tion time was 30 days, considering only 28
for practical experimental reasons.

Experimental Design

A random block design was used with
three repetitions. One factor that was var-
ied was the source of fecal organic matter
(FOM)— cow (C), human (H), goat (G) and
pig (P)— and the different simple combi-
nations: C-H, C-G, C-P, H-G, H-P, G-P, plus
the control. The other factor that was varied
was the temperature. Each treatment was
subjected to temperatures of 3, 37 and 50°C
using an incubator for temperatures 37 and
50°C and refrigeration for 3°C. There was a
total of 33 treatments, the product of 11 x 3.

Variables Evaluated
Potential of hydrogen (pH) was measured

with a Conductronic PC45 potentiom-
eter. Chemical oxygen demand (COD),

_— e

Figura 1. Preparation and mounting of batch reactors in the laboratory.
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was measured with HACH DR/890
colorimetry to determine organic matter
removal. Methane gas production (CH,)
was obtained using gas chromatography
(GC) with Agilent Technologies model
7890 equipment. The pH and COD were
measured at the beginning and end of
the experiment, on November 24 and
December 15, 2011, respectively. This was
in accordance with the analysis of water-
determination times based on the chemical
oxygen demand for natural water, waste-
water, and treated wastewater, according
to the NMX-AA-154-SCFI-2011 guidelines
referring to the determination of total
chemical oxygen demand and potential of
hydrogen (Semarnat, 2011). Methane was
measured four times (once per week) over
the course of the project and quantified us-
ing gas chromatography.

For the scaling phase, a 1 000 liter
capacity UASB reactor was designed and
mounted. Pig and goat organic matter
were collected based on the best treat-
ment results from the in vitro phase. Four
kilograms of organic matter (2 kg of pig
and 2 kg of goat), 10 kg of inert support
(plastic bottle pieces) and 50 I of the bacte-
rial consortium were used. This was de-
termined according to the weight-volume
proportion used in the in vitro phase. After
the reactor was mounted and the film had
formed, the organic matter to be treated
was added and temperature, pH and COD
were monitored. The monitoring was per-
formed every third day for a period of 33
days, allowing for a hydraulic retention
time of 24 hours per 1 000 1 load. According
to these determinations, the production
of methane gas was calculated using the
equation by Cdmara, Herndndez and Paz

(s/f):
VCH4= (0.3516) [(So - S) (1/1 000) 1.42Px]

Where:

VCH, = methane volume (m?).

So = Lastinfluent COD (mg I').

S = Last effluent COD (mg 17).

Px  =Netmass of the cellular tissue pro-
duced daily (kg day™).

Results and Discussion

According to the statistical analysis per-
formed (P < 0.05), no interaction effect
was identified between the sources of the
fecal organic matter and the temperatures.
Therefore, each variable was analyzed
separately.

Potential of hydrogen

The potential of hydrogen (pH) varied
significantly (P < 0.05) at the beginning of
the experiment in relation to the source
of organic matter. The highest values
exceeded 8, corresponding to H, P, H-P,
H-G and P-G organic matter. A pH under
7 was registered for the remaining matter.
The final pH indicated a higher normaliza-
tion around neutral (7.2), which is more
favorable to microbial development (Table
1). The pH is a critical parameter for the
growth of microorganisms, since each mi-
croorganism can grow only in a narrow pH
range, outside of which the growth of its
population decreases. During their popu-
lation growth stage, the microorganisms
modify the pH of the medium containing
them, generally towards acidic conditions.
This can be caused by several factors, one
of which is the release of products from
metabolic reactions. Van Haandel and Britz
(1994) indicate that the value and stability
of the pH in a reactor is important since
the methanogenic activity is much more
vulnerable than the other populations
present to changes in pH. Methanogenesis
decreases significantly when the pH is
lower than 6.3 or higher than 7.8. With low
pH values, acidic fermentation overtakes
methanogenic fermentation, resulting in

Water
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Table 1. Effect of the source of fecal organic matter (FOM) on initial and final potential of hydrogen.

FOM pHi Phf
No FOM 7.0k 7.1 ab
C 751 7.2 ab
H 85a 7.2 ab
G 7.4j 69b
P 80e 73 a
H-C 79f 7.2 ab
H-G 83c 7.2 ab
H-P 8.4Db 74a
C-G 7.7h 73 a
C-P 79¢g 73 a
P-G 8.2d 7.2 ab
Average 7.8 7.2

Tukey test (P < 0.05). Data with different letters in the same column are statistically different; pHi = initial potential of hydrogen; pHf = final

potential of hydrogen.

the acidification of the contents of the reac-
tor.

The above reports are similar to those
by Martinez, Maldonado, Rios and Garza
(2008), who worked with complex waters
using treatment systems with biofilms.
They observed pH values varying between
6 and 9, with an average near neutral.
These conditions indicate that the micro-
bial activity behaves efficiently. Van Kes-
sel and Russell (1995) also reported that
methanogens are sensitive to low pH and
inhibition of methanogenesis is caused by
the toxicity of acids from the fermentation
produced under these conditions.

Chemical Oxygen Demand

With respect to organic matter removal
efficiency, the COD indicates that the fecal
matter with the best efficiencies were cow
and cow-human and cow-goat combina-
tions (74.7, 88.4 and 82.01%, respectively),
and the human-goat combination (83.92%)
(P <0.05). This may occur from the bacterial
consortium adapting more easily to these
fecal inocula combinations, as compared
to the pig and pig-human and pig-cow

combinations (with lower efficiencies of
56.4, 58.5 and 49.22%, respectively). Based
on these results, it can be inferred that the
bacterial consortium required more time
to adapt to the pig manure because it is a
more complex fecal matter, and the higher
degradation activity required more time
for the bacterial consortium to adapt. The
control registered virtually null COD val-
ues, which is congruent with the absence of
organic matter (Table 2). Thus, COD is di-
rectly related to the degradation of organic
matter and the production of methane,
since anaerobic digestion is a process that
transforms rather than destroys organic
matter. Given that no oxidant is present in
the process, the electron transfer capacity
of the organic matter remains intact in the
methane produced. Since there is no oxida-
tion, the theoretical COD of the methane
corresponds to most of the COD of the
digested organic matter (90 to 97%), and
very little is converted to sludge (3 to 10%).
In the biochemical reactions that occur in
the anaerobic digestions, only a small part
of the free energy is released, while most
of that energy remains as chemical energy
in the methane produced (Rodriguez, s/f).
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Table 2. Effect of different sources of fecal organic matter (FOM) on initial chemical oxygen demand (CODI) and final chemical
oxygen demand (CODF).

o el it
No FOM 0.00 h 6.1f

c 916.5 e 232.3 cde
H 564.0¢g 183.0 def
g 1500.0 b 364.0 bed

p 1516.6 a 660.5 a

H-C 744.0 f 86.3 ef
H-G 1500.0 b 241.1 cde
H-P 1005.8d 416.8 be
C-G 1500.0 b 269.8 cde
C-r 1074.0 ¢ 545.3 ab
P-G 1500.0 b 561.6 ab

Tukey test (P < 0.05). Data with different letters in the same column are statistically different.

In addition, the initial COD was statisti-
cally higher at 37°C (1 077.6 mg 1) than at
the extreme temperatures of 3 and 50°C
(1 073.1 mg 1), between which there is no
statistical difference. In terms of the final
COD, this was significantly higher at 3°C,
followed by 50°C and lastly 37°C (Figure
2). The apparent differences between
CODI and CODF may be due to the speed
of degradation, where the highest activity
occurred at 37°C, to the extent that by the
end there was not enough organic matter
to degrade, which is when the fourth phase
begins— bacterial growth kinetics, known
as the bacterial death phase. This may
indicate that most of the microorganisms
in the bacterial consortium may be me-
sophiles; that is, they adapted to optimal
temperature ranges between 20 and 40°C,
when most of the degradation activity of
the organic matter occurs. This is reflected
in the COD values.

Methane Gas Production

The behavior of methane gas over time
— with the two prototype treatments

(COD and methane production with P
and P-G)— demonstrates an exponential
growth phase beginning 7 days after the
start of the experiment (DASE) and last-
ing up to 14 DASE. This is reflected by a
high degradation of the organic matter and
high chemical oxygen demand, resulting
in higher methane production. From 14
to 21 DASE, a stabilization phase occurs
and the methane production begins to de-
crease, possibly associated with the phase
corresponding to a decrease in the organic
load providing nutrients for the microbial
population and also with the change in the
enzymatic activity in which the substrate is
consumed only for maintenance. Between
21 and 17 DASE, the phase corresponding
to the death of the microorganisms occurs,
reflected in a lower methane production
rate associated with a lack of fecal organic
matter (Figure 3). This process is similar to
that reported by Sanz (2011), and Behling,
Caldera, Marin, Rincén and Ferndndez
(2005), who indicated the existence of low
methane production during the first 5 days
of the adaptation phase, exponential pro-
duction between 5 and 15 days, a stabiliza-
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Figure 2. Effect of temperature (T) on average COD values obtained from the treatments with fecal organic matter.Tukey Test

(P < 0.05). Data with different letters on top of the even bars are statistically different. CODI = initial chemical oxygen demand.

CODF = final chemical oxygen demand.
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Figure 3. Temporal behavior of methane production on days 7, 14, 21 and 28 after the start of the experiment.

tion phase between days 15 and 20 and a
decrease during the death phase from days
20 to 25.

The best treatments for the production
of methane were fecal organic matter from
pig (P) and the combination of pig-goat (P-

G) and cow-pig (C-P), with values of 133.2,
197.4 and 154.9 um ml"' on day 14 after the
start of the experiment, respectively. This
phase resulted in the highest methane
production with most of the treatments.
The values for the rest of the treatments
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are lower than those cited above, without
a very large statistical variation among
them. The human organic matter (H) and
the cow-human (C-H) combination had the
least effect on the production of methane,
with no statistical difference compared to
the control (Table 3), which is consistent
with the results from the statistical analysis
of COD.

With regard to temperature, methane
production was significantly higher at 37
and 50°C, except for the first and third
evaluations at 50°C. This is consistent
with the expectation that the degradation
of organic matter accelerates at higher
temperatures and, therefore, more biogas
is produced. The most consistent tempera-
ture over the study period was 37°C, and
extreme temperatures tended to inhibit
this process (Figure 4).

This is relevant since 37°C is the most
frequent temperature during the spring-
summer period in the study region, which
would enable obtaining good methane
production using organic matter from pig
or the combination of pig and goat, both
highly available in the area of influence

where the study was performed, an area
notable for intensive productive activities
with this type of livestock (Sagarpa-Cei-
egdrs, 2003). The above results coincide
with that reported by Martinez et al. (2008),
who indicate that the optimal temperature
conditions for treating wastewater are
between 30 and 40°C, since temperatures
lower than 15°C and higher than 45°C in-
hibit bacterial growth, causing the removal
efficiency of COD to decrease.

In terms of the correlation among the
variables, a significant correlation was ob-
served between pH and COD— the higher
the pH the higher the COD, and vice versa.
This is identifiable by the initial COD (P =
0.0014) and the final COD (P = 0.003). The
results from the first part were also cor-
roborated— there is a significant positive
correlation between COD and methane
(CH,) production, where the correlation
between initial COD and methane pro-
duction are highly significant (P = 0.0001)
and final COD is significant (P = 0.0146).
In terms of the relationship between pH
and methane production, initial pH was
found to have no effect on methane pro-

Table 3. Effect of the fecal organic matter (FOM) source on methane production.

P.CH, P.CH, P.CH, P.CH,
FOM (um ml™) (um ml™) (um ml™) (um ml?)
7 DASE 14 DASE 21 DASE 28 DASE
No FOM 0.24d 02d 0.2d 0.2b
C 18.0 cd 48.46 cd 38.7 bed 33.1ab
H 0.74d 0.3d 04d 04b =
G 54.2 abc 72.7 bed 103.2 abc 37.7 ab ;l
P 76.6 ab 133.2 abc 120.0 ab 50.8 ab /E_
H-C 43 cd 6.4d 3.5d 41b §
H-G 145 cd 22.1d 8.0 cd 20.9 ab i
H-P 46.2 bed 83.2 bed 40.7 bed 92.7 ab
C-G 31.3 ded 420cd 16.7 cd 47.0 ab
C-P 80.0 ab 154.9 ab 85.8 abed 1271 a
P-G 97.0a 1974 a 154.0 a 1232 a

Tukey Test (P < 0.05). Data with different letters in the same column are statistically different. CODI = initial chemical oxygen demand.
CODF = final chemical oxygen demand. P.CH, = methane gas production. DASE = days after start of experiment.
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Figure 4. Effect of final temperature on chemical oxygen demand and methane gas production based on the average
of the different fecal organic matter. Tukey Test (P < 0.05). Data with different letters in each block of columns

are statistically different.

Table 4. Analysis of the Pearson Correlation among potential of hydrogen (pH), chemical oxygen demand (COD and methane

production (CH,).
PHI CODI PICH, PHF CODF PFCH,
o || B | wo | ww | e
- o | 0| oson
CODF 1.00000 0020902;;)
PICH, 1.00000

PHI = initial pH; PHF = final pH; CODI = initial chemical oxygen demand; CODF = final chemical oxygen demand; PICH, = initial methane gas
production; PFCH,= final methane gas production.

duction while final pH did have an effect At the beginning of the experiment, pH
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(P=0.0008) (Table 4). This confirms that the
microbial activity is better with a neutral
pH than with an alkaline pH (Van Kessel
& Russell, 1995).

In terms of the scaling phase with the
best treatment identified in the in vitro
phase (pig-goat fecal matter), the effect of
sampling days (in DASE) on pH, tempera-
ture and COD was found to be statistically
significant (P < 0.05), which indicates the
variability of the process over time (Table
5).

was significantly more alkaline, near val-
ues of 8, while it remained around neutral
during the rest of the period, with values
of 7, until ending with an acidic pH with
a value of 6.3. This is due to the release
of products from the secondary reactions
of the bacteria in the bacterial consortium.
The pH in this study phase ranged from
an initial value of 8.0 to a final value of
6.3, which was directly related with the pa-
rameters established by Van Haandel and
Britz (1994)— reflected in the production
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Table 5. Effect of time on potential of hydrogen, temperature and chemical oxygen demand.

DASE pH T (°C) COD (mg 1)
1 8.00 a 22a 1650a
B 7.00 b 22 a 1067 b
5 7.00 b 21b 846 c
7 7.00 b 21b 836 ¢
9 7.00 b 20c 785d
11 7.00 b 19d 792 d
13 7.00 b 19d 668 e
15 7.00 b 19d 644 £
17 7.00 b 18e 582 ¢
19 6.66 bc 18 e 500 i
21 7.00 b 19d 565 h
23 7.00 b 19d 419
25 7.00 b 18 e 413
27 7.00 b 18 e 395
29 7.00 b 18 e 384 k
31 7.00 b 18 e 380 k
33 6.33 cd 18e 1701

Tukey Test (P < 0.05). Data with the same letter in the same column are statistically equal. DASE = days after the start of the experiment;
pH = potential of hydrogen; T = temperature; COD = chemical oxygen demand.

of methane gas when the pH values during
the experiment were 7.0 (Table 5).

In terms of temperature, 9 DASE was
statistically different than the rest of the
days (P <0.05), with a value of 20°C, where-
as the other sampling dates registered
an initial temperature of 22°C and a final
temperature of 18°C (the lowest during
the experiment). Since anaerobic biological
digestion processes strongly depend on
temperature, it can generally be said that
the optimal growth rate of the bacteria oc-
curs within a limited temperature range,
even though survival can occur in a wide
range (30 to 40°C). Although this activity is
possible at low temperatures (10°C), the ef-
ficiency of the anaerobic treatment system
decreases significantly as the temperature
decreases. This was not evident in the pres-
ent study since the temperature during the
sampling periods ranged from 18 to 22°C.

With respect to removal of organic
matter as expressed by the COD, this was

statistically different (P < 0.05) on most of
the sampling days, except on days 5 and
7; 9 and 11; 23, 25 and 27; and 29 and 31,
which were statistically equal (Table 5).
The monitoring of the influent and the
effluent showed that the bacterial consor-
tium that composed the biofilm adapted to
the new substrate over time. This resulted
in a decrease in organic matter from day
to day, expressed by an increase in the
organic matter removal efficiency. This is
associated with the biofilm which formed
in the support being subjected to drastic
changes in the type of substrate on which
it fed. In addition, the degradation activity
increased exponentially as the enzymatic
activity of the biofilm changed— begin-
ning with a COD of 1 650 mg 1" and reach-
ing its maximum efficiency of 90% on day
33, when the lowest COD values were
registered (170 mg 17). That is, organic
matter removal efficiency was favorable
over time even given the temperatures
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registered during the sampling period,
indicating other advantages and efficien-
cies of the anaerobic treatment system
(Figure 5). This can be attributed to the
change in the substrate, as mentioned by
Maldonado (2008), who reported that bio-
film undergoes “shock” loading, which is
basically a change in the substrate. With
respect to this, it is important to take into
account that methanogenic bacteria are
extremely sensitive to the presence of toxic
compounds in the wastewater to which
they were subjected during the anaerobic
treatment. Nevertheless, as the process
progresses over time, and if the period is
sufficiently long, the microorganisms can
adapt to certain concentrations of diverse
toxic substances. This period is called the
solid retention time (SRT) in the reactor,
referring to a period of days or months,
which in the latter case requires a longer
period for the microorganisms to adapt to
the concentrations of the toxic substances.

In terms of the production of methane
gas, this increases 13 days after the start of
the experiment, when according to Sanz
(2011) the bacterial consortium undergoes
an exponential growth process, when
high substrate consumption occurs and
more methane gas is thereby produced.
A continual decrease in COD can also be
observed, which according to Massé and
Massé (2000) is indicative that the anaerobic
processes are treating the organic matter,
transforming it into methane and carbon
dioxide. As the organic matter degrades,
production increases and byproducts
are released — mainly methane gas and
carbon dioxide (Figure 6). A continuous
increase in methane gas production was
identified, especially as of 13 DASE, with
approximate values of 0.345 m® of methane
gas produced, reaching its maximum of
0.520 m®on day 33.

=== MO Contents = 7, ER Logarithmic (MO contents) Logarithmic (%ER)
1 800 - - 100
1 600 - - 90
y = 25.223In(x) + 10.731 R
1400 A R?=0.9392 80 B
L S
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O F40 2
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Figure 5. Behavior of COD and removal efficiency of MO over time in days after start of the
experiment (DASE).
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Figure 6. Chemical oxygen demand as an indicator of removal of MO and the resulting production of methane gas
(EPCH,).

Conclusions

For the different treatments, the pH began
with slightly alkaline values and then
tended towards neutral (7), which is cor-
related with more COD and more methane
production.

COD and methane production were
positively correlated and both were higher
when using fecal organic matter from pig
(P) or the combination of cow-pig (C-P).

The highest COD and methane produc-
tion occurred 14 days after the start of the
experiment in most of the treatments, par-
ticularly those subjected to 37°C.

The in vitro phase is consistent with
the results obtained in the scaling phase,
where the pH stabilized around neutral
values and showed a slight acidic trend at
the end, making the chemical oxygen de-
mand removal more efficient and thereby
producing more methane gas.
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Abstract

Isarain-Chédvez, E., Ramirez-Martinez, S., Maldonado-Vega,
M., Lambert, J., Peralta-Hernandez, J. M., & Morales-Ortiz,
U. (March-April, 2015). Response Surface Applied to the
Treatment of Wastewater with the Coupling of DSA and
Photocatalysis. Water Technology and Sciences (in Spanish),
6(2), 51-67.

This study describes a response surface analysis based
on a central composite design to evaluate a filter-press
electrolytic flow cell coupled with a compound parabolic
solar concentrator. This was used to treat 20 1 of domestic
wastewater with a chemical oxygen demand of 742 to 756
mg 1" and total organic carbon of 248 a 253 mg I"'. The anodes
used in the electrolytic cell were IrPbO, IrSnO and RuPbO.
They were coated with metallic chlorides on Ti plates and
were activated with thermal decomposition. The area of the
compound parabolic solar concentrator was 1 m? and was
exposed for 4 hours per day, receiving an average radiation
of 889 watts m?2. The addition of TiO, in concentrations
of 100 to 150 mg I contributed to the degradation of the
pollutants, and the effects from changing the concentration
of the electrolyte support from 0.02 to 0.06 M of Na,SO, were
not very significant. Tests of the degradation were followed
by an analysis of total organic carbon, with degradation
percentages between 5 and 30% at the end of treatment
when applying currents of 10 to 30 A, with an energetic
consumption from 6 to 74 kW m?.

Keywords: Dimensional stable anodes, domestic wastewater,
compound parabolic concentrator, photocatalysis, anodic
oxidation, titanium oxide.

Resumen

Isarain-Chdavez, E., Ramirez-Martinez, S., Maldonado-Vega, M.,
Lambert, |., Peralta-Herndndez, |. M., & Morales-Ortiz, U. (marzo-
abril, 2015). Superficie de respuesta aplicada al tratamiento de aguas
residuales acoplando DSA y fotocatdlisis. Tecnologia y Ciencias
del Agua, 6(2), 51-67.

Este estudio empled el andlisis de supetficie de respuesta basado en
un diseiio compuesto central para evaluar una celda electrolitica
de flujo tipo filtro prensa, acoplada a un concentrador parabélico
compuesto solar, los cuales se usaron para llevar a cabo el tratamiento
de 20 1 de agua residual doméstica de 742 a 756 mg I'' en demanda
quimica de oxigeno, y de 248 a 253 mg I'' en carbono orgdnico total.
Los dnodos usados en la celda electrolitica fueron de IrPbO, IrSnO
y RuPbO, recubiertos mediante la técnica de los cloruros metdlicos
sobre placas de Ti y activados por descomposicion térmica. El
concentrador parabolico compuesto solar posee un drea de 1 m?, la
cual fue expuesta por cuatro horas por dia, recibiendo una radiacion
promedio de 889 Watts m™. La degradacién de los contaminantes se
vio favorecida con la adicion de TiO, a concentraciones de 100 a 150
mg I, con efectos poco significativos al cambiar la concentracién
de 0.02 a 0.06 M de Na,SO, del electrolito soporte. Los ensayos de
la degradacion fueron seguidos por el andlisis del carbono orgdnico
total, con porcentajes de degradacion de 5 a 30% al final del
tratamiento, al aplicar intensidades de corriente de 10 a 30 A, con
consumos energéticos desde 6 hasta 74 kW nr.

Palabras clave: dnodos dimensionalmente estables, aguas

residuales  domésticas, concentrador  parabdlico  compuesto,
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Introduction

There are two reasons for treating
wastewater — to reduce pollution in re-
ceptor water bodies and decrease water
consumption by its reuse. The technologies
existing today to treat wastewater largely
depend on the type of effluent and the level
of treatment required for its reuse. Conven-
tional treatments are applied in most cases,
which include different stages involving
physical separation— such as screening,
desanding, sedimentation and separation
of greases and oils— followed by a process
with or without aeration, and finally dis-
infection (chlorination, ozonation or UV).
The application of alternatives developed
over recent years has been projected to be
highly feasible, such as chemical oxidation
(O, 0,/H,0, H,0O,/Fe??), photocatalysis
(TiO:/ UV, photo-Fenton) and photochemi-
cal degradation (O,/UV, O,/H0O,), or
a combination thereof (electro-Fenton,
photoelectro-Fenton, electrocoagulation/
O, (Fernandes, Pacheco, Ciriaco, & Lépez,
2012; Lambert, Maldonado-Vega, Isarain-
Chéavez, & Peralta- Herndndez, 2013; Isara-
in-Chdvez, De la Rosa, Martinez-Huitle, &
Peralta-Herndndez, 2013; Garcia, Isarain-
Chéavez, Garcia-Segura, Brillas & Peralta-
Hernandez, 2013)). Anodic oxidation (AO)
or electro-oxidation are also promising,
which can result in the partial or complete
oxidation of pollutants (Isarain-Chavez,
Peralta-Herndndez, Guerra, & Morales-
Ortiz, 2012; Garcia, Isarain-Chéavez, El-
Ghenymy, Brillas, & Peralta-Herndndez,
2014).

These processes have been useful in
stages previous to the degradation of pol-
lutants that are resistant to biodegradation,
or as post-treatment before the effluent is
discharged into receptor bodies. These
technologies present several advantages,
including the size of the equipment, which
can be operated at room temperature and

with low pressure. These technologies are
versatile and generate little sludge, and
their use is highly viable for degrading
several types of compounds using metal-
plated oxidized electrodes (OE) (Zhou,
Sarkkd, & Sillanpad, 2011a; Isarain et al.,
2012; Patel, Bandre, Saraf, & Ruparelia,
2013).

A large variety of dimensionally stable
anodes deposited on titanium currently
exist, such as SnOx, RuOx, PbOx, IrOx,
PtOx, PdOx, among others. These elec-
trodes achieve high rates of degradation
or transformation of organic compounds
due to the high overpotential of the oxy-
gen evolution reaction, in addition to high
stability and conductivity (Szpyrkowicz,
Kaul, Neti, & Satyanarayan, 2005; Makgae,
Klink, & Crouch, 2008; Fierro et al., 2009;
Profeti, Profeti, & Olivi, 2009; Papastefa-
nakis, Mantzavinos, & Katsaounis, 2010;
Zhou et al., 2011a; Isarain et al., 2012; Wu et
al., 2012; Patel et al., 2013; Chu, Zhang, Liu,
Qian, & Li, 2013).

Various authors have documented the
use of dimensionally stable anodes for
several applications related to the treat-
ment of effluents and treatment processes,
including the removal of colorants— with
50 to 90% efficiency using Ir-Sn, RhOx,
MnO,-RuO,, Pt-Ir, PAO-Co,O, electrodes
(Szpyrkowicz, Juzzolino, & Kaul, 2001;
Leén, Pomposo, Sudrez, & Vega, 2009).

Zanbotto-Ramalho, Martinez-Huitle
and Ribeiro-Da-Silva (2010) used Ti/
Ru,,.Ti  Sn O, electrodes in the removal
of oil byproducts such as phenol, benzene,
toluene and xylene, with degradations be-
tween 47 and 100%. Meanwhile, Feng and
Li (2003), as well as Makgae et al. (2008)
used Ti/IrO-PtO, Ti/Sb-Sn-RuO,, Ti/Sb-
Sn-RuO,-Gd and Ti-B-PbO, anodes as well
as Ti/SnO,-RuO,-IrO, to remove phenol,
with mineralizations ranging from 50 to
100%. These results agree with studies by
Cong, Wu and Tan (2005), who reported
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reductions of 60% for 2-chlorophenol.
Chatzisymeon, Dimou, Mantzavinos and
Katsaounis (2009) have focused on using
IrO, to treat wastewater from process re-
lated to olive oil production, while others
have focused on the degradation of tetra-
cycline using RuO,-IrO, electrodes, with
removals of 33% (Wu et al., 2012). Stud-
ies indicate that during the degradation
process, intermediate species are formed
which in some cases are more difficult to
oxidize than the original molecule, as in the
case of oxalic acid, which can be degraded
using IrO,-Ta,O, electrodes, as reported by
Scialdone, Randazzo, Galia and Filardo
(2003). Several years later, Huang, Shih and
Liu (2011) confirmed the oxidizing power
of Ti/ RuO:and IrO, in the degradation
of oxalic acid. It is worth mentioning that
investigators such as Kim, Kim, Kim, Park
and Lee (2005) described the mechanisms
involved in the removal of nitrogen and its
ammonium, nitrite and nitrate ions, as well
as chlorine. These results were confirmed
by Lacasa, Llanos, Cafiizares and Rodrigo
(2012a) using IrO,and RuO, electrodes.
These same authors also performed stud-
ies on the removal of arsenic III (Lacasa,
Canizares, Rodrigo, & Fernandez, 2012b).
Other applications of DSA include inverse
osmosis processes using IrO, RuO, and
Ta,0, anodes, as reported by Zhou, Liu,
Jiao, Wang and Tan (2011b) .

Anodic oxidation is expressed by
the oxidation of water at a potential of
E° = 1.23V/SHE at 25 °C, as shown in
reaction (1). Monoelectronic reactions
generate the intermediate adsorbed hy-
droxyl radical ‘OHus) (reactions (2) and
(3)) (Marselli, Garcia-Gomez, Michaud,
Rodrigo, & Comninellis, 2003; Scialdone,
2009; Chatzisymeon et al., 2009; Martinez-
Huitle & Brillas, 2009; Zanbotto-Ramalho
et al., 2010).

H,0 — %0, + 2H" + 2e- (1)

H,O—OH , +H"+e (2)
.OH(ads) - 1/202 +H +e (3)

This process begins with the discharge
of HO in an acid medium on the metal-
lic anode (M), generating the adsorbed
hydroxyl radical M(*OH) (reaction (4),
resulting in a superoxide (MO) from reac-
tion (5), generating an M *OH physically
adsorbed species) and the chemisorbed
MO. In the absence of organic matter, both
species contribute to oxygen evolution
(reactions(6) and (7)) (Scialdone, 2009;
Martinez-Huitle & Brillas, 2009; Leén et al.,
2009; Fierro et al., 2009; Panizza & Cerisola,
2009; Zanbotto-Ramalho et al., 2010):

M +H,O —M("OH) + H* + e (4)
M(C*OH) - MO + H* + e (5)
M(*OH) — %0, + M + H* + e (6)
MO — %0, + M 7)

In the presence of organic matter (R),
the chemisorbed species generate partially
oxidized RO species (reaction (8))( Scial-
done, 2009; Leo6n et al., 2009; Fierro et al.,
2009; Panizza & Cerisola, 2009; Martinez-
Huitle & Brillas, 2009; Zanbotto-Ramalho
et al., 2010):

R+MO —-=RO+M (8)

The presence of M("OH) in inactive
anodes is low when reaction (5) is quicker
than reaction (4). Whereas a combustion
occurs with a high concentration of *OH
radicals, when the speed of reaction (4) is
negligible. The electrochemical combus-
tion was performed using hydroxylation or
dehydrogenation (R or R'H) with M(*OH)
species, according to reactions (9) and (10):
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R +M(*OH) - ROH* + M )

RH+M("OH) =R +M+HO (10)

The oxygen dissolved in the medium
reacts with the organic radical R™, thereby
generating the peroxyl radical R’'OO" (re-
action (11)), taking a hydrogen atom from
another R”H pollutant (reaction (12)).
Thus, the structure of the hydroperoxides
splits into CO,, inorganic ions and water
(Scialdone, 2009; Martinez-Huitle & Brillas,
2009; Panizza & Cerisola, 2009; Zanbotto-
Ramalho et al., 2010):

R"+0, - R0OO* (11)

R'O0 +R“H - R'OOH +R™*  (12)

The *OH radical also can be generated
by photocatalytic reactions through direct
adsorption or radiant energy with a wide
band photocatalyst in the interface be-
tween the excited solid and the solution,
where reactions involving the degrada-
tion of organic compounds occur (Malato,
Ferndndez-Ibaiiez, Maldonado, Blanco, &
Gernjak, 2009).

Radiant energy has an average value
known as the solar constant, FET = 1 367
Wm?, whose total UV spectral irradiance
(280-400 nm) on the land surface is less
than 103.9 Wm? (100% of the transmis-
sion in the atmosphere). Only 5 to 7.6% of
this radiant energy contains the total UV
spectrum (Gueymard, 2004), which can be
divided into four regions: UV-A (long or
black light A = 400 — 315 nm, with an en-
ergy per photon of 3.10 - 3.94 eV); UV-B ((A
=315-280nm, 3.94 - 4.43 eV); UV-C (short
UV light A =280 - 100 nm, 4.43 - 12.40 eV);
and UV-V (vacuum ultraviolet A = 200 - 10
nm, 6.20 - 124 eV). The fraction is large
enough for a 254 nm photon to equal 4.89
eV, with an energy which generates excited

states, producing homolytic and heterolyt-
ic ruptures in molecules, producing *OH
radicals (Legrini, Oliveros, & Braun, 1993).

TiO, is one of the most widely used
photocatalysts in heterogeneous photo-
catalysis since it possesses high activity
and stability in an aqueous medium. It is
classified as a type n semiconductor com-
posed of anatase, rutile and brookite. The
bandwidth of the anatase is 3.20 eV and the
Gibbs formation energy is 883.3 kJmol™.
Rutile has a bandwidth of 3.03 eV and a
Gibbs energy of 889.4 kJmol! (Rodriguez,
Candal, Solis, Estrada, & Blesa, 2005). Ana-
tase is thermodynamically less stable than
rutile, though the latter has a larger surface
area and a high density of active centers,
increasing adsorption and catalysis (Ma-
lato et al., 2009; Hapeshi et al., 2010).

The photocatalysis process is deter-
mined by the formation of a hole-electron
pair, by the adsorption of a photon with a
wavelength less than hy/Eg, where Eg is
the energy of the bandgap, and the elec-
tron of the valence band (bv) is promoted
to the conduction band (bc), generating a
hole (reaction (13)). The photogenerated
species participates in redox reactions
(h, + is strongly oxidizing and e - is a
moderate redox). The holes are captured
by the water, creating *OH radicals ac-
cording to reactions (14) and (15), which
oxidize the pollutants in the surface of the
catalyst (Gonzélez & Braun, 1995; Malato
et al., 2009; Chong, Jin, Chow, Christopher,
& Saint, 2010):

TiO, +hv —e, ~+h, * (13)
h'+H,0 - *OH + H* (14)
h*+ OH- — *OH (15)

As mentioned, TiO, presents certain
advantages such as greater photocatalytic
activity and a polar and hydrophilic sur-
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face, giving it high chemical stability in
aqueous solutions , with a high resistance
to photocorrosion. It dissolves only in
sulfuric acid or hydrofluoric concentrates.
One advantage of the photocatalysis is that
it prevents the formation of halogenated
compounds and limits microorganism and
bacterial activity— a non-selective process
in the treatment of complex pollutant
mixtures in aqueous medium. In addition,
TiO, is relatively easy to recover or im-
mobilize, it is low-cost and non-toxic, and
therefore does not require special handling
and does not represent any risk to human
health or the environment. This combines
with solar radiation as its only source of
energy (Gonzdlez & Braun, 1995; Malato
et al., 2009; Hapeshi et al., 2010; Chong et
al., 2010), making photocatalysis a clean
process.

It is worth mentioning that, for both
photocatalytic and electrochemical sys-
tems, the reactions described above are
strongly affected by the transference of
matter as well as the concentrations of the
photocatalyst, the dissolved oxygen in the
medium and the pollutant. They are also
affected by the pH and the irradiation in-
tensity, and temperature to a lesser extent,
, the latter being strongly influenced by the
intensity of the current and the electrode
materials (Gonzélez & Braun, 1995; Mar-
tinez- Huitle & Brillas, 2009; Chong et al.,
2010).

Statistical designs are tools which
address clearly identified and specific
problems. A central composite design was
selected, with factors coded according
to equation (16), selecting Xi as the real
value of the independent variable i; xi, is
the value at the center of the interval; Axi
is the mean of the difference between its
lowest and highest value (Ramirez, Costa,
& Madeira, 2005; Dominguez, Gonzélez,
Palo, & Sanchez- Martin, 2010; Almeida,
Garcia-Segura, Bocchia & Brillas, 2011;
Zhang, Yang, Rong, Fu, & Gu, 2012):

X =X~ (16)

With this design, the average and pri-
mary effects of each factor can be calcu-
lated, as well as their interactions from 2
to 2, 3 to 3, up to k factors. The response as-
sociated with a design with three variables
is represented by the linear polynomial
model described by equation (17):

Y=b,+bX +bX +bX +b,XX

12277172

+b X X+b, XX +b XXX (17)

13771773 23772773 123771772773

where Y is the experimental response; X
the code (-1 or + 1); b, is the estimation of
the primary effect of factor i and response
Y; and bl.], is the estimation of the interaction
effect between factors i and j for response Y
(Hammami, Oturan, Bellakhal, Dachraoui,
& Oturan, 2007; Zhang et al., 2012).

This work presents a first approach to
the viability of treating domestic wastewa-
ter using a combination of two simultane-
ous processes— advanced oxidation with
anodic oxidation and dimensionally stable
anodes, and heterogeneous photocatalysis
with TiO,. The analysis is performed using
a central composite design to evaluate the
efficiency of the process according to the
decrease in total organic carbon, degrada-
tion efficiency and energy costs. It is worth
mentioning that the literature does not
report the use of both technologies to treat
domestic wastewater.

Methodology

The system was fed with 20 1 of domestic
wastewater previously filtered using a 0.5
mm mesh to retain thick solids. TiO, was
added (Cabrera, Alfano, & Cassano, 1996)
(Anatasa, dp = 30-90 nm; d_ = 700; Sg =48
m?g) as a photocatalyst, using three differ-
ent concentrations (100, 150 and 200 mg I!).
Na,SO, was used as an electrolytic support
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with concentrations of 0.03, 0.04 and 0.05
molar (all reagents were supplied by Karal
House). Current intensities of 10, 20 and
30 amperes were applied. These variables
were evaluated using a central composite
design with the response surface method
(RSM). Random tests were performed us-
ing Design-Expert 7.0 software to ensure
statistical validity. The response variables
were total organic carbon, energy con-
sumption and degradation efficiency.

The pH of the water was monitored
with an Extech 407227 pH meter and con-
ductivity with HACH (uScm™ or mScm™).
Solar radiation was monitored with a Day-
star Inc. DS-05A pyrometer. COD was ana-
lyzed based on NMX-AA-030-SCFI-2001
and the percentage of degradation was
quantified using a total organic carbon
analyzer (Shimadzu L-CSN), injecting 50
ul aliquots which were previously filtered
with 0.45 um Whatman PTFE. The TSS,
TDS, SS, and other parameters were evalu-
ated according to the standardized method
APHA-AWWA-WEEF (1998).

Electrolytic cell

The electrolytic cell is multi-compartmen-
tal, with stainless steel plates outside and
rectangular high-density polyethylene
inside (195 x 41 mm), with a total volume
of 421.73 ml. Ti/RuPbOx, Ti/IrPbOx, Ti/
IrSnOx were used as anodes, which were
coated with noble metal chloride and acti-
vated by thermal decomposition (Morales-
Ortiz, Avila-Garcia, & Hugo-Lara, 2006;
Profeti et al., 2009; Papastefanakis et al.,
2010). Ti were used as cathodes, with an
area of 79.95 cm?, and the anode/cathode
ratio was 1:1. The tests were performed
with galvanostatic conditions maintaining
a constant current intensity using a BK
Precision Mod-1900 DC, 1-16 VDC/60 A.
The electrical configuration was mono-
polar and a flow-by regime was used. The
electrolysis time was 240 minutes.

Parabolic Solar Concentrator (PSC)

The PSC photoreactor was a static system
consisting of four aluminum supports
made of five SCHOTT-Duran borosilicate
glass tubes 1.8 mm thick (refraction index
of 1.51 — 1.54 with A =380-750 nm). The to-
tal capacity was 15.2 1, tube length was 145
cm and external diameter 5 cm. The system
had a series of concave reflectors with a
solar radiation distribution around the
bulb. These reflectors (0.4 mm thick) had
a mirror finish with anodized aluminum
(with reflectance of 86%, of which 15%
was diffuse and the rest was direct in the
UV spectrum). The PSC had a concentra-
tion ratio CR = 1 and was aligned with the
east-west axis, with a slope of 21° towards
the south. All the connections were Teflon
or plastic and resistant to UV radiation.
The system was fed by a 12-volt Shurflo
model 2088 magnetic diaphragm pump
(25 1 min™). Figure 1 shows the mounting
of the experimental electrochemical cell
system coupled with the parabolic solar
concentrator.

Figure 1. Experimental system to treat domesitc

wastewater with anodic oxidation and heterogeneous
photocatalysis. 1) filter-press electrolytic flow cell,
2) current rectifier, 3) 20 | reservoir, 4) diaphragm flow
pump, 5) parabolic solar concentrator.
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Results and Discussion
Characterization of Wastewater

Table 1 shows the characterization of the
domestic wastewater, where the sediment-
able solids, pH, temperature, phosphorus,
grease and oils complied with the maxi-
mum allowable limits stipulated by Of-
ficial Mexican Norm NOM-001-SEMAR-
NAT-1996 (Semarnat, 1996) for discharge
into receptor bodies. Nevertheless, there
were high concentrations of BOD,, TSS,
nitrogen and chlorides, as well as COD,
which are not included in the guidelines
and would affect the aquatic medium if the
effluent is not adequately treated.

Central Composite Design

The real values of the levels were coded as
low (-1), middle (0) and high (1), consider-
ing six central points and six axial points.
The distance o from the axial to the center

was selected in order to obtain a stable
response variance at the points of interest,
with a = 1.68179, opting for a rotatable
design, with a total of 20 tests. These data
were generated using equation (16) with
the Design-Expert 7.0 program. The current
intensities were 3.18, 10, 20, 30 and 36.82
amperes. The Na,SO, concentrations were
0.02, 0.03, 0.04, 0.05 and 0.06 M, and TiO,
concentrations were 65.9, 100, 150, 200 and
234.1 mgI'". The tests proposed are listed in
Table 2, which shows some of the variables
of interest that were monitored during the
treatment of the domestic wastewater.

Energy Consumed by the Processes

The data obtained from the experimental
design are shown in Table 2. For all cases,
a slight increase in pH occurred. This effect
can be attributed to the generation of OH-
on the surface of the cathode according to
reaction (18) (Isarain-Chévez, De la Rosa,
Godinez, Brillas, & Peralta-Herndndez,

Table 1. Initial characterization of domestic wastewater.

Test Method used Results
Conductivity NMX-AA-093-SCFI-2000 1890-1 983 uS cm™
pH NMX-AA-008-SCFI-2000 7.31-8.56
Temperature NMX-AA-007-SCFI-2000 25.2°C
Sedimentable solids NMX-AA-004-SCFI-2000 0.3mlI"
Total suspended solids NMX-AA-034-SCFI-2001 132 mg I
Total nitrogen NMX-AA-026-SCFI-2001 44.6 mg1?
Grease and oil NMX-AA-005-SCFI-2000 14.23 mg 1"
Biochemical oxygen demand NMX-AA-028-SCFI-2000 150 mg 1!
Total phosphorus NMX-AA-029-SCFI-2000 4.09 mg1?
Amoniacal nitrogen NMX-AA-026-SCFI-2001 19.6 mg I
Nitrates NMX-AA-079-SCFI-2000 10.1 mg I
Nitrites NMX-AA-030-SCFI-2000 <0.0123 mg 1"
Chemical oxygen demand NMX-AA-039-SCFI-2000 742.9-756.4 mg 1!
Total organic carbon == 248.4-252.9 mg I'!
Methylene blue active substances NMX-AA-073-SCFI-2000 12.16 mg 1"
Chlorides NMX-AA-093-SCFI-2000 49.5mg 1’
Total Iron EPA6010C/2007/ICP 0.95 mg I'!
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Table 2. Energy consumption and variables monitored during the treatment of wastewater using anodic oxidation coupled with

photocatalysis.
Test Initial Conductividad Initial Final Initial Final Cell c
amber pH, | pH, | conductivity final radiation radiation TOC TOC | tension (le'EaI;n'3)
(uScm™) (mScm™) (Wm?) (Wm?) (mgl?) | (mgl") | (Volts)
1 8.51 | 8.65 1934 8.92 1060 780 249.8 227.4 6.75 27.0
2 8.47 | 8.54 1921 7.34 1090 760 251.7 210.6 10.9 65.4
3 843 | 8.52 1898 6.40 910 780 251.6 201.4 11.9 47.6
4 8.36 | 8.47 1890 8.44 952 790 250.5 193.1 10.1 40.2
5 8.57 | 8.68 1917 7.50 962 874 249.3 208.2 115 69.0
6 8.46 | 8.53 1918 8.25 920 790 250.2 212.7 10.2 40.8
7 822 | 8.32 1935 8.75 1027 845 251.1 209.8 9.9 39.6
8 7.89 | 8.42 1925 8.65 995 856 252.8 194.2 10.1 74.0
9 793 | 8.24 1963 9.33 1003 838 251.1 195.9 8.9 53.7
10 8.28 | 8.52 1949 8.56 1050 856 249.6 227.3 10.1 40.2
11 8.08 | 8.27 1953 8.28 926 738 252.5 235.6 9.6 6.1
12 739 | 852 1918 8.59 964 880 252.4 215.6 9.9 39.8
13 7.88 | 8.45 1895 8.99 925 870 252.3 215.6 9.2 54.9
14 794 | 8.35 1931 8.22 990 803 252.2 204.2 10.1 40.4
15 7.83 | 8.31 1936 7.03 893 834 2529 215.2 11.5 23.0
16 791 | 842 1892 9.19 842 780 2529 219.6 7.8 15.7
17 8.20 | 8.56 1910 8.13 885 823 250.9 230.9 9.7 38.8
18 795 | 851 1983 8.60 888 873 249.5 202.4 9.7 38.6
19 781 | 843 1943 7.86 815 931 248.7 202.2 11.7 23.3
20 794 | 835 1927 9.09 867 905 252.6 197.3 9.1 18.2

2014). In the case of solar irradiation, this
was an important factor which could not
be controlled, with variations over the
days from 1 090 to 738 Wm at the begin-
ning and end of the tests. These variations
affected the photocatalytic reaction speeds,
which were proportional to the radiant
flow. Table 2 presents the initial and final
values, quantified in terms of TOC, which
show a low degradation percentage:
DHO +2e —H,+20H  (18)

As expected, conductivity increased
when adding Na,SO, for the sole purpose
of decreasing cell voltage and electric costs,
which is related to the energy consump-

tion used by the processes (C,,), where an
increase in the current’s intensity increases
the voltage of the cell. This C,, is defined
as the amount of energy consumed dur-
ing the degradation process for time t. It
is expressed in kWhm?® and is defined by
equation (19) (Isarain- Chdvez et al., 2012)
as:

_V*I*t

Vs (19)

C:'EP

where I is the intensity of the current (A);
t is electrolysis time (hours); V is average
voltage of the cell (V) and V_ is the volume
of the treated water (1).
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Table 3. Factors and responses for the experimental design.

Test X,: current X,: Na,SO, X: catalyst ATOC Response EC,,.Response Response
number (ampere) (moles) (mgl™) (mgl™) (kWh COTY) efficiency (%)
1 20.0 0.06 150 2243 1.21 10
2 30.0 0.03 200 41.10 1.59 20
3 20.0 0.02 150 50.18 0.95 25
4 20.0 0.04 150 57.38 0.70 30
5 30.0 0.03 100 41.08 1.68 20
6 20.0 0.04 234 37.47 1.09 18
7 20.0 0.04 150 41.26 0.96 20
8 36.8 0.04 150 58.57 1.26 30
9 30.0 0.05 200 55.21 0.97 28
10 20.0 0.04 150 22.33 1.80 10
11 3.18 0.04 150 16.92 0.36 7
12 20.0 0.04 150 36.85 1.08 17
13 30.0 0.05 100 36.71 1.49 17
14 20.0 0.04 150 47.92 0.84 23
15 10.0 0.03 100 37.80 0.61 18
16 10.0 0.05 100 33,33 0.47 15
17 20.0 0.04 65.9 20.03 1.94 9
18 20.0 0.04 150 47.05 0.82 23
19 10.0 0.03 200 46.50 0.50 23
20 10.0 0.05 200 55.32 0.33 28

Responses Obtained with the Experimental
Designs

Table 3 presents the factors and responses
obtained with the rotatable central com-
posite design using the RSM. The graphic
profiles indicate differences in the concen-
tration of total organic carbon (ATOC),
degradation efficiency (h) and energy con-
sumption per unit mass of TOC (EC_,.).
The first two parameters were evaluated
by equations (20) and (21):

ATOC =[TOC, -TOC, | (20)
"= [TOG,-TOC |, 100 (21)
TOC,

0

where TOC, is the initial concentration of
total organic carbon (mg 1) and TOC, is
the concentration of total organic carbon
at time t (min). The energy consump-

tion per unit mass of TOC (EC__,) is ex-

pressed in kWh (gTOC)" for electrolysis
time t, expressed by equation (22), where
A(TOC)EXP is the decrease in experimental
TOC (g m?) (Isarain-Chévez et al., 2012):

__ Cw 22
ECroc=~ (70C) (22)

exp

This table shows the ATOC values rang-
ing from 16 to 57 mg I"" and indicates that
the highest efficiency was obtained when
applying a current of 30 and 36.8 amperes,
as well as the addition of 150 to 200 mg 1"
of TiO, with 0.04, 0.05 molar of Na,SO,.

Equations (23), (24) and (25) are pre-
dictive mathematical models obtained in
linear terms with the interactions of the
three independent variables, according to
equation (17), for EC, . and ATOC and
for n from anodic oxidation coupled with
photocatalysis in the treatment of 20 1 of
domestic wastewater:
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Figure 2. (a) Correlation between the normal probability predicted by the model versus the residuals and (b) the residuals

versus number oftests, for analysis of EC, .

at 240 minutes of degradation with electro-oxidation combined with photocatalysis

to treat 20 1 of domestic wastewater with COD of 742.9-756.4 mgl™.

CE_,, = 0.95287 + 0.039131 * X, -5.00314
* X, -3.34979E%% * X (23)

ACOT =22.13172 + 0.52146 * X, -238.59172
* X, +0.11502 * X, (24)

n =8.88318 +0.28792 * X -122.14836 * X,
+0.064847 * X, (25)

Figure 2a shows an acceptable correla-
tion among the normal probability of the
residuals for EC ., where the points near
the diagonal indicate the model’s opti-

mum condition. This results in the smallest
deviation among these values (Ramirez et
al., 2005; Almeida et al., 2011). In the case
of Figure 2b, the wastewater was within
allowable limits (Dominguez et al., 2010).

ANOVA Variance Analysis for the Linear
Modeling

Table 4 shows the variance analysis, which
indicates that the linear model is statisti-
cally significant (Model F = 7.19), with a
low probability value (0.0028), with sug-
gested models with p < 0.05, which were
validated by independent tests.

Table 4. ANOVA analysis of the linear response surface model for EC .

Factors Sum of Degrees of Mean Fvalue P-Probability value
squares freedom squared >F

Model 2.51 3 0.84 7.19 0.0028

X-I 2.09 1 2.09 17.98 0.0006

X,-Na,SO, 0.034 1 0.034 0.29 0.5952

X,-catalyst 0.38 1 0.38 3.29 0.0883

Residual 1.86 16 0.12

Pure error 0.79 5 0.16

Total (corr.) 4.37 19
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Response Surfaces
Effect of the Intensity of the Current

Figure 3 presents a three-dimensional
graphic of the response surface for EC,,
ATOC and h, showing the effect of the
concentrations of Na,SO,, TiO, and I. Table
3 presents the tests with five different cur-
rent intensities: 10, 20 and 30 A, with a
minimum of 3.18 and maximum of 36.82A.
When applying 3.18 A, the degradation
efficiency was low (7%) (test 11), the pho-
tocatalyst effect was insignificant and con-
sumption was 0.36 kWh TOC?'. Whereas
degradation was 30% with 36.8 A and the
same concentration of the photocatalyst
and sodium sulfate, while consumption
was 1.26 kWh TOC? (higher than that of
test 4 which had the same TiO, and Na,SO,
conditions). This shows that electrochemi-
cally the 'OH radical was the primary
oxidizing species. Competition reactions
also occurred (equation (1)), which with
high current intensities consume electrons,
decreasing the efficiency of the overall pro-
cess and increasing energy consumption
(Figures 3a and 3b).

It is worth mentioning that the efflu-
ent had a high concentration of chlorides
(49.5 mg 1), which theoretically can lead
to the formation of species that contribute
to oxidation processes with low energy
consumption (tests 4, 14, and 18), as shown
in reaction (26), where the species formed
is hydrolyzed to chlorine ion and hypo-
chlorous acid (reaction (27)). The latter has
a lower oxidizing potential (E° =1.49 V vs
SHE) than the *OH radical (E° =2.80 V vs.
SHE) (De Laat, Le, & Legube, 2004; Kim et
al., 2005; Isarain-Chévez et al., 2014):

2Cl -l + 2 (26)

Cl o T H,O0 —HCIO + CI"+ H* (27)

2

These reactions can be affected by high
current densities where excess *“OH radi-
cals can transform the CI ions into other
less oxidizing species, according to reac-
tions (28), (29) and (30) (De Laat et al., 2004;
Kim et al., 2005; Isarain-Chévez et al., 2014):

*OH + CI- <> CIOH" (28)
CIOH* + Cl - CL* + OH-  (29)
2C1,~ — Cl,,, +2CI- (30)

Other species to consider is ammonia-
cal nitrogen (19.6 mg 1), nitrite and nitrate
ions. The first species could theoretically
be oxidized by six electrons, with inhibi-
tion by the oxygen evolution reaction,
following reaction (31)( Kim et al., 2005;
Michels, Kapalka, Abd-El-Latif, Baltrus-
chat & Comninellis, 2010) :

2NH, — N, + 6H" + 6¢- (31)

Meanwhile, in the cathode the nitrate
ion (10.1 mg I'") could be reduced to nitrite
by two electrons (reaction (32)), or the ni-
trate ion could convert into ammonium by
eight electrons, according to reaction (33)
(Kim et al., 2005; Michels et al., 2010). And
the inverse of the reaction of the nitrite ion
could occur in the photocatalytic medium,
converting into nitrate ion, as shown in
reaction (34):

NO-, + HO +2e- = NO, + 20H" (32)
NO-, + 6H,O + 8e- — NH, + 9OH~ (33)
NO-, +% 0O, = NO-, (34)
According to the results shown, efficien-
cies are 23 to 30% with current intensities
of 20 A and consumption ranges from 0.7

to 0.84 kWh TOC", reflecting an energy
savings.
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Effect of the Concentration of Na,SO,

In order to evaluate the influence of
Na,SO,, experiments were conducted with
five different concentrations, whose values
are shown in Table 3 and in Figure 3. Deg-
radation was significantly higher at 0.02
and 0.04 M (tests 2, 7 and 12) than at 0.06 M
(test 1). All of these were subject to current
intensities of 20A and 150 mg 1" of TiO,.
Degradations were 18 and 15% with tests
15 and 16, respectively, with 0.03 and 0.05
M of Na,SO,, currents of 10A and 100 mg
I of TiO,. These results are consistent with
those reported by the literature, where
an increase in the Na,SO, concentration
results in a smaller reduction in TOC (Fig-
ure 3c) since the SO, anion has a higher
radical-scavenging reaction constant than
other ions, even though it disappears more
quickly in water, as has been reported
(SO* > NO, > CI). This effect also can
be attributed to a high intensity current,
which creates a high concentration of *OH
radicals, leading to the formation of weak
oxidants such as 82082', according to reac-
tion (25)( Dominguez et al., 2010; Garcia et
al., 2014).

250 — 5,02 +2e (35)

The decrease in cost per kWh TOC! for
all the systems with high Na SO, contents
does not compensate for the low degrada-
tion efficiency resulting at the end of the
electrolysis.

Effect of TiO, Concentration

As in the previous cases, five different pho-
tocatalyst concentrations were tested with
the lowest and highest TiO, values (65.9
and 234 mgl!) with efficiencies of 9 and
18% using 20 A and 0.04 M of Na SO, (tests
6 and 17). In the first case the photocatalyst
is clearly deficient, with a minimal contri-
bution, whereas the excess TiO, produces

a screen effect or possibly dimerization
(equation (36)), generating a hydroperoxyl
radical (equation (37)), which is less reac-
tive and contributes less to the oxidizing
process (Figures 3e and 3f). It is worth
mentioning that these systems consume a
large amount of energy (1.09 and 1.94 kWh
TOC).

*OH + *OH — H,0, (36)

H,0, + *OH - H,0 + HO,”  (37)

An insignificant difference was found
with concentrations of 100, 150 and 200
mg 1" of TiO,, (Figure 3d), which indicates
that the larger contribution of the oxidiz-
ing process is due to the production of the
"OH radical electrochemically. Another
aspect to consider is the concentration of
dissolved oxygen in the medium, since the
photocatalytic process stops if the oxygen
is depleted (Figure 1), and therefore the
oxygen becomes the primary acceptor
of electrons, generating the superoxide
Or'radical (K, = 2 x 10" M's?), as shown
by equation (38). Although this has less
oxidizing power it can degrade substituted
aromatic compounds with high absorption
in the UV interval:

O,+e—=0; (38)

It is also worth noting that the domestic
wastewater used for the tests contain a cer-
tain amount of HCO,, which can decrease
the efficiency of the process, as shown in
reaction (39):

‘OH + HCO, — CO,~+H,O (39)
Optimization of the Process
Based on the above results, sodium

sulfate was selected as the variable to
be minimized, in order to maximize the
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degradation efficiency, maintaining energy
consumption and the catalyst in the inter-
val. The optimal conditions were thereby
determined, whose limits are listed in
Table 5.

Optimal Experiments and Characterization of
the Wastewater

The solution obtained by the system pre-
dicts a ATOC of 54 mg 1" and a maximum
degradation efficiency of 26.8%, with a
minimum consumption of 1.30 kWh TOC!
and a desirability of 0.768, applying a cur-
rent intensity of 29.78 A with Na,SO, con-
centrations of 0.03 M and TiO, concentra-
tions of 200 mg I"!. Testing these conditions
with the system resulted in a decrease in
COD from 793.7 to 479.7 mg 1" and in TOC
from 265.7 to 212.9 mg 1", with an increase
in pH from 8.1 to 8.42. Even though the op-
timal parameters were used, the percent-
age in TOC barely reached 19.8%, indicat-
ing that under these test conditions neither
of the advanced oxidation processes was
sufficiently robust to treat wastewater that
is not previously treated.

Conclusions

The tests showed an increase in degrada-
tion when increasing the current intensity
of the DSA electrodes, and a decrease in
cell voltage when increasing the Na,SO,
concentration since wastewater has low
conductivity. This increases treatment
costs because of the addition of reagents,
making this alternative not very feasible.
Since the high energy consumption and
low degradation percentage makes this
technology undesirable, the use of anodic
oxidation for these effluents is not recom-
mended in spite of its high power to oxi-
dize the materials. This was demonstrated
when increasing from 30 to 36 A, with
which low degradations were obtained.

An increase in the TiO, concentration in-
creases degradation while an excess of the
photocatalyst can create a negative screen
effect. Likewise, an increase in the Na,SO,
concentration contributes to the generation
of the SO,* anion, which has a very high
*OH radical scavenging reaction constant,
decreasing the overall efficiency of the
process. The combination of TiO, and DSA
represents an alternative for polishing wa-
ters to eliminate trace pollutants but nor
for effluents with a high concentration of
suspended solids, colorants or COD.
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Abstract

Carrera-Villacrés, D. V., Crisanto-Perrazo, T., Ortega-Escobar,
H., Ramirez-Garcfa, J., Espinosa-Victoria, D., Ramirez-Ayala,
C., Ruiz-Vera, V., Veldzquez-Machuca, M., & Sdnchez-Bernal,
E. (March-April, 2015). Qualitative and Quantitative Salinity
of the Santa Marfa-Verde River Hydrographic System,
Mexico. Water Technology and Sciences (in Spanish), 6(2), 69-
83.

This investigation took place in the Santa Maria-Verde River
hydrographic system in order to identify the evolution of the
salinity of irrigation water. It included both a quantitative
(electrical conductivity) and qualitative (calculated using the
sodium and magnesium adsorption ratio) analysis in order
to predict effects on soil and crops. The investigation used
a non-experimental, descriptive cross-sectional design in
which 69 stations were sampled from winter 2009 to spring
and autumn of 2010. Ten measurements were taken for each
water sample, cations, anions, pH and electrical conductivity
(CE). An alkalinity model was used to determine the
evolution of the waters, which was experimentally verified
by re-concentration of salts through evaporation. The
saturation index (SI) and changes in the sodium adsorption
ratio (SAR and SAR d].) were calculated. The salinity of most
of the rivers in the Santa Maria-Verde River hydrographic
system was classified as high or very high, according to the
quantitative analysis. The most critical qualitative salinity
was that of magnesium, as compared to sodium, even
with the precipitation of calcite. The waters evolved from
calcium sulfate to magnesium and sodium sulfate. There
was a trend of increasing concentrations and changes in the
type of salinity of the waters in the Santa Maria-Verde River
hydrographic system, which affects the soils and crops.
Kewords: evolution of water,
geostatistical.

sodium, magnesium,

Resumen

Carrera-Villacrés, D. V., Crisanto-Perrazo, T., Ortega-Escobar,
H., Ramirez-Garcia, ., Espinosa-Victoria, D., Ramirez-Ayala,
C., Ruiz-Vera, V., Veldzquez-Machuca, M., & Sdnchez-Bernal,
E. (marzo-abril, 2015). Salinidad cuantitativa y cualitativa del
sistema hidrogrdfico Santa Maria-Rio Verde, México. Tecnologia y
Ciencias del Agua, 6(2), 69-83.

La investigacion se desarrollé en el sistema hidrogrdfico Santa
Maria-Rio  Verde, con el objetivo de conocer la evolucion y
salinidad de las aguas de riego tanto cuantitativa, expresada como
conductividad eléctrica, como cualitativa, calculada mediante la
relacion de adsorcion de sodio y magnesio, para posteriormente
predecir sus efectos sobre los suelos y cultivos. La investigacion fue
no experimental transversal descriptiva, con el muestreo a juicio en
69 estaciones, muestreadas desde el invierno de 2009, y primavera
y otorio de 2010. Se determinaron 10 mediciones en cada muestra
de agua: cationes, aniones, pH y conductividad eléctrica (CE). Se
siguid el modelo basado en la alcalinidad para determinar la via
evolutiva que toman las aguas, y se comprobd con un experimento
de reconcentracion de sales por evaporacién. Se calculd el indice de
saturacion (IS) y las modificaciones de la relacién de adsorcion de
sodio (RAS); éstas fueron, RAS y RAS, El sistema hidrogrdfico
Santa Maria-Rio Verde, de acuerdo con la salinidad cuantitativa, se
clasificé en su mayoria de rios como alta y muy altamente salinas; la
salinidad cualitativa mds critica fue la magnésica, en comparacion
con la sédica, a pesar de que la calcita precipitard. La evolucién de
las aguas fueron de sulfatadas cdlcicas a sulfatadas magnésicas y
sodicas. Existe la tendencia a que aumente la concentracién y cambie
la tipologin de la salinidad de las aguas del sistema hidrogrifico
Santa Maria-Rio Verde, afectando los suelos y cultivos.

Palabras clave: sédica, magnésica, evolucién de las aguas,
geoestadistica.
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Introduction

The salinity of soils creates serious prob-
lems for agriculture, and therefore this
study will contribute to the development
of arid and semi-arid regions that are most
severely affected by this phenomenon.
Agronomic resources in arid and semi-arid
regions represent 60% of the Mexican terri-
tory, and even though they are considered
to have high agricultural potential they are
little used. The Santa Maria-Verde River
Hydrographic System is a region which is
highly affected by the salinity of the soil.
This salinity can be determined by measur-
ing the ions in irrigation water, since water
saturates the soil when irrigating crops,
at which point a chemical balance exists
between these two matrices.

This study measures quantitative salin-
ity based on the electrical conductivity
(EC) of the water and qualitative salinity
according to Na* and Mg* adsorption ra-
tios.

Quantitative salinity includes primary
and secondary salinity. In this study area,
secondary salinity is caused by human
activity related to poor irrigation practices.
Meanwhile, primary salinity is related to
its geological past, which produces geo-
chemical processes among waters, soil and
crops. This can create serious problems
for agriculture, making crops physically
and chemically poor and decreasing their
fertility. Damages to leaves and fruits oc-
cur from the accumulation of toxic ions
in cells, decreasing their size, color and
therefore their commercial value (Shani &
Dudley, 2001).

To determine the evolution of saline, an
experiment involving the re-concentration
of salts was performed to simulate what
occurs in the area of the Verde River ir-
rigation zone as a result of evaporation-
precipitation processes. This experiment
determined that the dissolved salts in the

water changed from calcium sulfates (with
a solubility around 10 g 1) to magnesium
and sodium sulfates (with a solubility of
approximately 350 g 1"). These results cor-
roborate those reported by Szabolcs (1994),
and therefore this water is considered to
have high energy, impeding the adsorp-
tion of nutrients in the crops.

The objective of the present work was to
quantitatively and qualitatively determine
the evolution and concentration of the sa-
linity of irrigation water. The quantitative
analysis was based on electrical conduc-
tivity and the qualitative analysis on the
sodium and magnesium adsorption ratio.
The effects on the soils and crops in the
Santa Maria-Verde River Hydrographic
System were then predicted.

Materials and Methods

This work was a cross-sectional, non-
experimental prospective study, based
on the researcher’s judgment. It is cross-
sectional in the sense that variables such as
physical and chemical characteristics were
measured only once at a given moment.
The study did not intend to evaluate their
evolution over time. It was descriptive in
terms of the universe of waters included,
with the intention to describe them ac-
cording to a group of variables, and about
which there is no central hypothesis.

The criteria of the investigator were
based on observations of the region and
preliminary soil and water studies con-
ducted since 1967 by the Montecillo cam-
pus Post-graduate School Hydrosciences
Program (Grande, Herndndez, Aguilera, &
Boulaine, 1967).

Water samples were taken from runoff
in the Eastern Sierra Madre at the head-
waters of the Extorax, Autla, Jalpan Santa
Maria and Verde rivers and along their
courses to the valleys where the water is
used for irrigation, with a total of 69 sta-
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tions. The samples were taken from springs
and rivers before and after they passed
through urban zones in order to identify
the increase in quantitative and qualitative
salinity.

The physiochemical variables used and
measured by this work to study the evolu-
tion and qualitative salinity of irrigation
water included concentrations of anion
and cations (Ca®* + Mg*, Na*, K*, CO}?,
HCO,, CI' y SO,?), pH and electrical con-
ductivity.

To determine the evolution of salinity,
an experiment was performed based on
the evaporation of the Media Luna spring,
which is the main source of irrigation water
for the Verde River valley. This experiment
tested the models proposed by Hardie and
Eugster (1970) and by Risacher and Fritz
(2009).

The method proposed by APHA (1995)
was used for the analytical determination
of ion concentrations. Specifically, 0.51 wa-
ter samples were taken in duplicate at each
sampling station in the Santa Maria-Verde
River Hydrographic System. The contain-
ers used to collect the water samples were
rinsed several times with the water to be
sampled. Ca*", Mg*", Na*, K*, CO,*, HCO,,
Cl and SO,*ions were determined analyti-
cally according to methods 4500-H+B, 2510
B, 3500 Ca D, 3500 Na K D, 2320 B, 4500 Ci
B, 4500-SO:B, 2540 D and 2540 E, respec-
tively. The electrical conductivity and pH
values were measured based on Official
Mexican Norms NOM-AA-93-1984 and
NMX-AA-008-SCFI-2000, respectively.

The Richards (1962) method was used
to interpret quantitative and qualitative
salinity, which evaluates salinity based on
electrical conductivity and the Na* adsorp-
tion ratio, respectively, in order to classify
salinity and predict salinity levels and its
effect on soil and crops.

To generate the spatial distribution
maps, the geostatistical Kriging method
was used with the Arc Gis, version 9.3.

Webster and Oliver (2007) reported that
this method presents excellent results since
the concentrations are variable, random
and spatially continuous.

Results and Discussion

Ionic Composition of the Water in the Santa
Maria-Verde River Hydrographic System

Table 1 presents the cation and anion
concentrations of the samples taken in the
years 2009 and 2010 in the Santa Maria-
Verde River Hydrographic System. The
data shown were validated according to
APHA (1995) in terms of acceptable errors.
The primary statistical parameters are
shown at the bottom of Table 1. A variation
in pH between 6.9 and 8.2 is also observed,
with mean conditions around neutral for
all the water. These conditions are due, in
part, to the weak base of the HCO, ion and
the strong base of the CO,* ion. Therefore,
the HCO, /CO.* is a buffer (Figueruelo &
Davila, 2004).

The salinity of the continental water
was determined according to four main
cations (Ca?, Mg*, Na* and K*) and the
anions CO*, HCO,, CI and SO,*, whose
mean concentration worldwide is 120 mg
I'" (Wetzel, 1981). This varies considerably
from one continent to another and accord-
ing to the lithology of the land masses.
Based on the concentration averages of
the data from the water samples, where
Na*/Na®+ Ca* = 0.24 and TDS = 1 090.88
mg 17, and after placing the data on the
Gibbs graph (1970) (Figure 1), the water
in the Santa Marfa-Rio Hydrographic
System was determined to be located in a
zone where there is more evaporation than
precipitation. If this trend is maintained,
the concentration would increase and the
typology of the salinity of the water would
change, thereby changing the salinity of
the soil.

Figure 2 shows the predominance of
Ca*, Mg*, Na* andK*, O,*, HCO,, CI'and

Water
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Table 1. Ionic composition, pH, EC, TDS, Saturation Index (SI), SAROrig and SARa]. for the Santa Maria-Verde River

hydrographic system.
mmol 1" mg 1
EC
No. | pH ; % SI |SAR  |SAR,
uSem’ | ca | Mg* | Na* | K* | Sum | CO> |HCO; | CI | SO | Sum TDS

error

1 7.7 | 426.00 | 2.32 | 142 | 028 | 0.19 | 421 | 0.00 | 327 | 0.68 | 0.17 | 4.12 1.04 | 309.57 | 0.79 | 0.20 0.37

2 8.1 [1700.00 | 820 | 3.70 | 4.63 | 0.27 | 16.80 | 0.00 | 6.73 | 290 | 6.74 | 1637 | 1.30 |1163.43| 1.70 1.90 512

3 72 (127273 | 421 | 3.00 | 490 | 0.43 | 12.54 | 0.00 | 422 | 320 | 478 | 1220 | 1.37 | 850.81 | 1.02 2.58 522

4 82 | 33625 | 2.40 | 040 | 0.50 | 0.06 | 3.36 | 0.00 | 233 | 080 | 0.14 | 3.27 | 1.41 | 24389 | 0.65 | 0.42 0.70

5 75 | 30545 | 1.47 | 0.85 | 0.65 | 0.09 | 3.06 | 0.00 1.71 | 1.20 | 0.07 | 2.98 1.32 | 208.50 | 0.30 0.60 0.79

6 8.2 | 337.85 | 2.36 | 042 | 0.52 [ 0.08 | 3.38 | 0.00 | 236 |0.76 | 0.16 | 3.28 1.50 | 246.11 | 0.90 | 0.44 0.84

7 7.7 | 33091 | 1.57 | 096 | 0.64 | 0.09 | 326 | 0.00 | 1.83 | 126 | 0.10 | 3.19 1.09 | 22250 | 0.36 | 0.57 0.78

8 7.5 | 372.00 | 2.03 | 1.25 | 0.21 [ 0.18 | 3.67 | 0.00 | 2.79 | 0.72 | 0.08 | 3.59 1.07 | 267.46 | 0.66 | 0.16 0.27

9 79 | 30825 | 1.66 | 0.72 | 0.60 | 0.08 | 3.06 | 0.00 | 203 |0.78 [ 0.17 | 2.98 1.32 | 218.62 | 0.61 0.55 0.88

10 7.7 | 25455 | 1.23 | 0.72 | 048 | 0.04 | 2.47 | 0.00 140 | 095 | 0.06 | 241 1.23 | 167.98 | 0.09 0.49 0.53

11 7.9 | 480.50 | 2.60 | 1.10 | 0.92 | 0.12 | 474 | 0.00 | 3.13 | 1.20 | 0.27 | 4.60 1.50 | 337.81 | 0.82 | 0.68 1.23

12 75 | 509.09 | 1.76 | 1.20 | 1.96 | 0.12 | 5.04 | 0.00 | 281 | 128 | 0.82 | 4.91 1.31 | 355.83 | 0.59 1.61 2.56

13 74 | 43273 | 148 | 1.02 | 1.65 | 0.10 | 425 | 0.00 | 237 | 1.08 | 0.69 | 4.14 1.31 | 299.94 | 0.42 1.48 2.09

14 74 | 381.82 | 1.31 | 090 | 145 | 0.09 | 3.75 | 0.00 | 209 | 095 | 0.61 | 3.65 1.35 | 264.55 | 031 1.38 1.81

15 75 | 35290 | 1.87 | 1.22 | 0.22 | 0.18 | 3.49 | 0.00 269 | 065 | 0.06 | 3.40 1.31 | 254.46 | 0.61 0.18 0.29

16 7.8 | 467.00 | 2.08 | 1.65 | 0.75 [ 0.16 | 4.64 | 0.00 | 250 | 0.84 | 1.17 | 4.51 142 | 32375 [ 097 | 0.55 1.08

17 75 | 35636 | 1.81 | 0.84 | 0.82 | 0.09 | 3.56 | 0.00 | 1.92 | 094 | 0.60 | 3.46 142 | 24815 | 042 0.71 1.01

18 7.7 | 32450 | 1.30 | 0.80 | 0.65 [ 0.25 | 3.00 | 0.00 | 2.37 | 0.60 | 0.14 | 3.11 1.80 | 233.10 | 0.39 | 0.63 0.88

19 79 | 151.30 | 0.40 | 0.64 | 0.30 | 0.16 | 1.50 | 0.00 1.13 | 022 | 0.11 1.46 1.25 | 111.12 | -0.35 | 0.42 0.27

20 7.7 | 23220 | 052 | 1.07 | 0.38 | 0.32 | 2.29 | 0.00 1.72 | 042 | 0.08 | 2.22 1.55 | 168.36 | -0.14 | 043 0.37

21 7.6 | 723.00 | 2.53 | 420 | 0.15 | 026 | 7.14 | 0.00 | 539 | 0.60 | 0.96 | 6.95 1.38 | 511.42 | 1.00 | 0.08 0.16

22 8.0 | 67550 | 3.11 | 230 | 1.10 | 0.20 | 6.71 | 0.00 | 356 | 112 | 1.86 | 6.54 | 1.30 | 469.57 | 1.08 | 0.67 1.39

23 7.6 | 58545 | 2.03 | 1.40 | 2.26 | 0.14 | 583 | 0.00 | 3.26 | 1.48 | 095 | 5.69 1.22 | 41214 | 0.73 1.73 2.99

24 79 | 64550 | 2.89 | 230 | 1.05| 018 | 642 | 0.00 | 346 | 116 | 1.62 | 624 | 1.44 | 447.00 | 1.20 | 0.65 1.43

25 7.6 | 53455 | 1.81 | 1.26 |2.03 | 013 | 523 | 0.00 290 | 133 | 086 | 5.09 1.36 | 368.75 | 0.62 1.64 2.66

26 7.5 1108850 | 6.48 | 4.00 | 0.20 | 0.08 | 10.76 | 0.00 | 4.92 | 0.80 | 475 | 10.47 | 1.37 | 742.88 | 1.46 [ 0.09 0.22

27 72 | 89091 | 497 | 217 | 140 | 025 | 879 | 0.00 | 3.68 | 1.80 | 3.07 | 855 1.38 | 603.74 | 1.07 0.74 1.53

28 7.1 | 1061.50 | 6.09 | 4.06 | 0.22 | 0.10 | 10.47 | 0.00 | 510 | 0.82 | 427 | 10.19 | 1.36 | 725.70 | 1.50 [ 0.10 0.24

29 72 | 89091 | 467 | 226 | 155|030 | 878 | 0.00 | 3.60 | 1.86 | 3.10 | 8.56 1.27 | 60291 | 1.03 | 0.83 1.69

30 7.5 [ 1770.00 | 12.09 | 471 | 042 | 0.26 | 17.48 | 0.00 577 | 1.27 | 996 | 17.00 | 1.39 [1194.82| 1.62 0.14 0.38

31 7.0 | 2258.00 | 13.39 | 821 | 0.38 | 0.32 | 2230 | 0.00 | 7.03 | 212 | 1258 | 21.73 | 1.30 [1497.58| 1.69 | 0.12 0.31

32 7.0 [2265.00 | 1326 | 843 | 0.36 | 0.32 | 2237 | 0.00 | 7.15 | 208 | 1258 | 21.81 | 1.27 |1503.09| 1.69 0.11 0.29

33 7.1 | 2077.00 | 12.02 | 810 | 0.30 | 0.12 | 20.54 | 0.00 | 6.04 | 1.02 | 12.94 | 20.00 | 1.33 [1377.11| 1.62 | 0.09 0.25

34 7.3 | 1909.09 | 10.11 | 823 | 0.35 | 0.17 | 18.86 | 0.00 | 576 | 1.13 | 11.48 | 18.37 | 1.32 |1260.21| 1.51 0.12 0.29

35 7.3 12009.00 | 11.59 | 8.00 | 0.18 | 0.08 | 19.85 | 0.00 | 4.80 | 1.54 | 12.98 | 19.32 | 1.35 |1307.65| 1.52 0.06 0.14

36 7.2 11909.09 | 10.15 | 8.24 | 0.33 | 0.18 | 1890 | 0.00 | 580 | 1.14 | 11.46 | 18.40 | 1.34 [1262.90| 1.51 0.11 0.27

37 72 11909.09 | 10.17 | 822 | 0.32 | 0.17 | 18.88 | 0.00 583 | 1.12 | 11.44 | 1839 | 1.31 [1262.60| 1.52 0.11 0.27

38 7.5 | 1771.00 | 12.60 | 4.28 | 0.36 | 0.25 | 17.49 | 0.00 | 583 | 1.26 | 992 | 17.01 | 1.39 (119937 | 1.64 | 0.12 0.33
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Table 1 (continuation). Ionic composition, pH, EC, TDS, Saturation Index (SI), SARO,;g and SARa]. for the Santa Maria-Verde River

hydrographic system.
mmol 1" mg 1!
EC
No. |pH ; % IS |SAR, | SAR,
uSem’ | a2 | Mg | Na* | K* | Sum | CO2 |HCO;| CI' | SOz | Sum TDS

error

39 7.3 |1 1901.00 | 13.55| 4.56 | 0.38 [ 0.28 | 18.77 | 0.00 | 6.23 | 1.42 |10.61 | 18.26 | 1.38 [1286.72| 1.68 | 0.13 0.34

40 7.6 | 2221.00 [ 12.27 | 8.67 | 0.82 | 0.16 | 21.92 | 0.00 | 7.82 | 1.40 |12.13| 21.35 | 1.33 [1485.54| 1.69 | 0.25 0.68

41 7.9 1229091 | 7.36 | 12.00 | 2.88 [ 0.38 | 22.62 | 0.00 | 11.81 |2.62 | 7.59 | 22.02 | 1.34 |1552.44| 1.64 0.93 2.44

42 7.0 | 2047.00 [ 8.00 | 11.99 | 0.18 | 0.08 | 20.25 | 0.00 | 4.40 | 1.22 [14.09 | 19.71 | 1.35 [1301.74| 124 | 0.06 0.13

43 7.0 | 1400.00 | 7.10 | 4.69 | 1.76 [ 0.28 | 13.83 | 0.00 | 530 | 1.60 | 6.56 | 13.46 | 1.36 | 945.88 | 1.39 0.72 1.73

44 7.7 | 214550 | 11.80 | 850 | 0.78 [ 0.16 | 21.24 | 0.00 | 7.70 | 1.20 | 11.82 | 20.72 | 1.24 |1444.04| 1.65 | 0.24 0.65

45 75| 127273 | 6.60 | 409 | 1.60 [ 025 1254 | 0.00 | 473 | 145 | 6.02 | 1220 | 1.37 | 857.68 | 1.30 0.69 1.59

46 8.2 | 237450 | 15.65| 7.00 | 0.60 [ 0.16 | 23.41 | 0.00 | 6.48 |1.60 |14.71 | 22.79 | 1.35 [1577.21| 1.90 | 0.18 0.52

47 7.6 | 1463.64 | 752 | 475 | 1.85 | 0.30 | 1442 | 0.00 | 4.78 | 1.60 | 7.68 | 14.06 | 1.26 | 979.94 | 1.35 0.75 1.76

48 7.8 | 2163.64 | 590 | 12.53 | 2.58 [ 0.32 | 21.33 | 0.00 | 8.40 |242 | 9.86 | 20.68 | 1.55 |1414.23| 1.41 0.85 2.05

49 76 | 67450 | 2.87 | 226 | 1.24 | 025| 6.62 | 0.00 | 4.02 |1.60 | 0.80 | 642 | 1.57 | 463.49 | 1.01 0.77 1.56

50 74 | 64450 | 3.00 | 196 | 1.15 {021 | 6.32 | 0.00 | 412 [1.70 | 032 | 6.14 | 1.41 | 445.81 | 1.01 0.73 1.46

51 72 | 230650 | 1498 | 6.39 | 1.30 | 0.14 | 22.81 | 0.00 | 3.70 | 227 |16.28 | 22.25 | 1.25 [1501.24| 1.46 0.40 0.98

52 74 | 241818 | 7.36 | 13.12 | 290 [ 0.52 | 23.90 | 0.00 | 829 |[3.12|11.78 | 23.19 | 1.51 [1576.16| 1.48 0.91 225

53 7.7 | 2729.00 | 16.76 | 8.90 | 1.20 | 0.10 | 26.96 | 0.00 | 4.50 | 2.60 |19.16 | 26.26 | 1.32 [1762.52| 1.56 0.34 0.86

54 79 | 241818 | 7.70 | 12.89 | 2.86 | 0.45 | 23.90 | 0.00 [ 8.89 | 3.10 | 11.28 | 23.27 | 1.34 [1588.41| 1.53 0.89 225

55 7.7 | 248550 | 14.27 | 9.12 | 1.12 | 0.08 | 24.59 | 0.00 | 6.74 | 2.60 | 14.61 | 23.95 | 1.32 [1630.88| 1.65 0.33 0.87

56 7.8 1229091 | 723 | 1230 | 2.68 [ 0.40 | 22.61 | 0.00 | 10.53 | 2.92 | 859 | 22.04 | 1.28 |1530.22| 1.58 0.86 2.21

57 7.2 [ 4730.00 | 27.79 | 9.56 | 9.00 | 0.36 | 46.71 | 0.00 | 4.40 | 7.60 |33.48 | 45.48 | 1.33 [3040.00| 1.71 2.08 5.65

58 7.6 | 317550 | 19.05 | 8.82 | 3.31 [ 0.22 | 31.40 | 0.00 | 518 |[3.18 |22.23 | 30.59 | 1.31 {2070.15| 1.69 0.89 2.39

59 7.0 | 3563.64 | 942 | 1890 | 6.30 | 0.45| 35.07 | 0.00 | 9.33 | 6.02 | 1891 | 34.26 | 1.17 [2271.73| 1.61 1.67 4.38

60 7.8 | 2100.00 | 6.54 | 11.12 | 2.76 [ 0.32 | 20.74 | 0.00 | 6.50 | 3.14 | 10.46 | 20.10 | 1.57 |1352.47| 1.35 0.93 218

61 6.9 | 4200.00 | 11.11 | 22.30 | 7.43 | 0.64 | 41.48 | 0.00 | 8.61 | 8.20 |23.50 | 40.31 | 1.43 [2634.32| 1.62 1.82 4.76

62 75| 1781.82 | 545 | 943 | 230 [ 040 | 1758 | 0.00 | 578 |[262 | 872 | 17.12 | 1.33 [1156.71| 1.28 0.84 1.92

63 72 | 381818 | 6.86 |20.29 | 9.80 | 0.78 | 37.73 | 0.00 | 11.33 | 7.46 | 17.86 | 36.65 | 1.45 [2453.43| 1.60 2.66 6.90

64 7.5 | 3844.50 | 15.80 | 15.94 | 5.84 [ 0.34 | 37.92 | 0.00 | 3.80 |5.80 |27.18 | 36.78 | 1.53 [2400.80| 1.46 | 1.47 3.60

65 74 | 3975.00 | 16.60 | 16.80 | 5.54 | 0.37 | 39.31 | 0.00 | 3.60 | 6.40 |28.27 | 38.27 | 1.34 (248298 | 1.45 1.36 3.32

66 72| 394545 | 7.48 | 20.69 | 10.12 [ 0.72 | 39.01 | 0.00 | 11.53 | 7.98 | 18.40 | 37.91 | 1.43 [2532.30| 1.59 2.70 6.99

Media | 7.5 | 1664.76 | 7.21 | 6.59 | 2.40 | 0.25| 16.44 | 0.00 | 5.08 |[2.63 | 829 | 16.00 | 1.36 |1090.88| 1.17 | 0.90 1.99

)
67 7.0 | 2418.18 | 4.66 | 12.62 | 6.17 [ 045 | 23.90 | 0.00 | 5.38 |[4.55|13.22 | 23.15 | 1.59 [1530.70| 1.10 | 2.10 442 §
68 7.0 | 572727 | 6.66 | 16.00 | 33.10 | 0.83 | 56.59 | 0.00 | 10.41 [33.50| 11.12 | 55.03 | 1.40 (3478.18| 1.45 | 9.83 24.08 E
69 7.3 1203636 | 7.32 | 11.95 | 0.70 | 0.18 | 20.15 | 0.00 | 5.00 |3.24 |11.30 | 19.54 | 1.54 [1277.71| 1.27 | 0.23 0.51 :;

Desv. ;:
est. 0.33 | 125243 | 548 | 573 | 443 [0.17 [ 12.37 | 0.00 | 2.62 | 4.22| 7.92 | 12.03 | 0.12 | 784.37 | 0.51 1.28 3.16 (:]\
Ccv 0.04| 075 0.76 | 0.87 | 1.84 | 0.68 | 0.75 051 | 1.61| 095 | 0.75 | 0.09 0.72 044 | 143 1.59 ZD

=

Mediana| 7.5 | 1770.00 | 6.60 | 4.69 | 1.10 [0.20 | 17.48 | 0.00 | 4.78 | 145 | 7.68 | 17.00 | 1.35 |1163.43| 1.35 | 0.65 1.08

Minimo | 6.9 | 151.30 | 0.40 | 0.40 | 0.15 [ 0.04 | 1.50 | 0.00 | 1.13 | 0.22 | 0.06 | 1.46 | 1.04 | 111.12 | -0.35 | 0.06 0.13

Maéximo | 8.2 | 5727.27 | 27.79 | 22.30 | 33.10 | 0.83 | 56.59 | 0.00 | 11.81 |33.50| 33.48 | 55.03 | 1.80 [3478.18| 1.90 | 9.83 24.08

Moda | 7.2 | 1909.09 | 2.03 | 0.72 | 0.38 | 0.08 | 12.54 [ 0.00 | 2.37 | 1.60 | 0.06 | 12.20 | 1.37 1.69

Water
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Figure 1. Gibbs diagram of the water sampling from the Santa Maria-Verde River hydrograph system.
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Figure 2. Ionic composition of the waters in the Santa Maria-Verde River Hydrographic System, states of Queretaro
and San Luis Potosi.
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SO,* and their increased concentrations at
the sampling stations in the Santa Maria-
Verde River Hydrographic System. For
example, the concentration of Ca*" began
to increase from the action of geological
formations through which the water runs.
Stations 21-25 are in the Santa Maria River
which contains large sections of limestone,
and where increases in concentrations of
Ca* and SO,* are observed. As of station
52, after the springs, in Ciudad Fernandez,
the salinity increases substantially due to
formations rich in sea salts and because of
its location on the Valles-San Luis Platform.

Quantitative Salinity in the Santa Maria-
Verde River Hydrographic System

Table 2 presents a summary of the quanti-
tative salinity values determined based on
electrical conductivity, the classifications
based on Richards (1962) and the percent-
ages represented in the hydrographic
system. This information was used to gen-
erate a map of the spatial distribution of
the quantitative salinity of the basin using
the Kriging geostatistical met<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>