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Figure 3. Effect of adsorption conditions on the removal rate of Pb(II). (A) for pH, (B) for dosage of
I-Sm, (C) for adsorption temperature, (D) for adsorption time, (E) for Pb(II) initial concentration.

3.2.2. Effect of Nano I-Sm Dosage

The effect of nano I-Sm dosage on Pb(II) removal rate is shown in Figure 3B. The nano I-Sm dosage
varied from 0.625 to 12.5 g·L−1 with a constant initial Pb(II) concentration of 1 mg·L−1 for 60 min at
298 K. Figure 3B shows the effect of nano I-Sm dosage on the removal rate of Pb(II). It was observed that
the removal rate of Pb(II) increased with an increase in the nano I-Sm dosage from 0.625 to 2.5 g·L−1.
A further increase in the nano I-Sm dosage, however, did not result in a sufficient increase in the
removal rate of Pb(II).

3.2.3. Effect of Adsorption Temperature

The effect of temperature on Pb(II) removal rate is shown in Figure 3C. It was observed that the
removal rate of Pb(II) was 98.44–98.99% when the temperature was set at 298, 308, 313, 323, and 333 K.
The trend of the removal rate with the increase of temperature is not obvious.

3.2.4. Effect of Adsorption Time

The effect of adsorption time on the removal rate of Pb(II) is shown in Figure 3D. In a Pb(II)
solution with a low initial concentration, the removal rate of Pb(II) in solution reached 99.41% when
the adsorption time was 5 min, and the removal rate of Pb(II) tended to be stable after 20 min.

3.2.5. Effect of Initial Concentration of Pb(II)

The effect of initial concentration on the removal rate of Pb(II) adsorbed by nano I-Sm is shown
in Figure 3E. The removal rate of Pb(II) decreased with the increase of initial Pb(II) concentration.
When the initial concentration of Pb(II) increased from 0.25 to 5 mg·L−1, the removal rate of Pb(II)
decreased from 99.45% to 98.90%.

3.3. Kinetic Parameters of the Adsorption

The kinetic of adsorption of Pb(II) on nano I-Sm was fitted by pseudo-first-order and
pseudo-second-order kinetic equations. The results are shown in Table 2 and Figure 4. The correlation
coefficient of the linear plots of t/Qt against t for the pseudo-first-order model and the pseudo-second-order
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model was 0.985 and 1, respectively. The Qe of the pseudo-first-order kinetics model was 2.603 μg·g−1,
and the Qe of pseudo-second-order dynamic model was 256.410 μg·g−1.

Table 2. The predicted parameters by pseudo-first-order and pseudo-second-order kinetic models and
experimental data.

Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model Experimental Data

k1/min−1 Qe/(μg·g−1) R2 K2/(μg·g−1·min−1) Qe/ (μg·g−1) R2 Qe/(μg·g−1)

0.380 2.603 0.985 0.251 256.410 1.000 254.680

Figure 4. Pseudo-second-order plots for the adsorption of Pb(II) at 298 K.

3.4. Equilibrium Parameters of the Adsorption

The Langmuir and Freundlich isotherm models were used to analyze the adsorption of Pb(II) on
nano I-Sm. All of the isotherm constants and correlation coefficients were calculated from the linear
forms of the isotherm model equations and are provided in Table 3 and Figure 5.

Table 3. Parameters calculated by the Langmuir and Freundlich isotherm models for the adsorption of
Pb(II) on nano I-Sm.

Langmuir Freundlich

Qmax/(mg·g−1) KL/(L·μg−1) R2 Kf/(μg·g−1) 1/n R2

2.104 0.216 0.985 8.825 0.457 0.980

128



Water 2018, 10, 210

Figure 5. Comparison of equilibrium isotherms between the experimental data and the theoretical data.

3.5. Thermodynamic Parameters of the Adsorption

The results of the analysis of the thermodynamic parameters of adsorption are shown in Table 4
and Figure 6.

Table 4. Thermodynamic parameters for adsorption of Pb2+on nano I-Sm.

ΔS ΔH ΔG/(kJ·mol−1)

J/mol−1·K−1 kJ·mol−1 298 K 308 K 313 K 323 K 333 K

9.658 4.844 −2.541 −2.637 −2.695 −2.788 −2.876

Figure 6. Relationship between 1/T and lnKd for nano I-Sm.

4. Discussion

Among the adsorption conditions, the pH of the aqueous solution is an important variable for the
adsorption of metals onto the adsorbents [32]. In this study, the adsorption efficiency was significantly
inhibited when the pH of the aqueous solution was low. At a low pH, the number of H+ ions exceeds
that of Pb(II) ions several times and the surface of nano I-Sm is most likely covered with H+ ions,
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which account for less Pb(II) adsorbed [33]. As the pH increases, more and more H+ ions leave the
nano I-Sm surface, making the sites available to the Pb(II), which could increasingly bind to the nano
I-Sm surface through a mechanism similar to that of exchange interactions (H(I)/Pb(II)) [28]. In the
meantime, Yuan et al. [19] have found that the Zeta potential decreased from 3.29 to −69.95 mV when
the pH value increased from 2 to 7 in a nano I-Sm solution, indicating that the surface charge of the
nano I-Sm changed from positive to negative, and further verifying the deprotonation processes of
nano- I-Sm with the increase of pH. It was observed that nano I-Sm was suitable for removing Pb(II)
from waste water under an acidic condition, which was similar to the results of some clay adsorbing
heavy metals [28,29]. The removal rate of Pb(II) is also related to the I-Sm dosage. At a lower nano I-Sm

dosage, Pb(II) ions compete for the limited adsorption sites in the nano I-Sm. As the quantity of nano
I-Sm increased, more available sites promoted a greater percentage removal of Pb(II) [33]. When the
amount of nano I-Sm was 6 g·L−1, 1 mg·L−1 Pb(II) in solution would be reduced to 0.01 mg·L−1,
reaching the potable water standard. In addition, nano I-Sm showed a rapid adsorption effect in the
temperature range of 298–333 K. The above results revealed an important advantage of high efficiency
removal of Pb(II) by the nano I-Sm.

The Qe of the pseudo-second-order dynamic model was much closer to the experimental result
and the correlation coefficients were found to be relatively high. The pseudo-second-order adsorption
mechanism was predominant for the adsorption of Pb(II) on nano I-Sm. The pseudo-second-order
model assumes that two reactions are happening: the first one is fast and reaches equilibrium
quickly, whereas the second one is a slower reaction [15]. Accordingly, the following mechanism may
be proposed [33]:

Clay + Pb(II) = Clay· · ·Pb(II)

in which the number of adsorption sites on the nano I-Sm surface and the number of Pb(II) ions in the
liquid phase determine the kinetics. Depending on pH, different Pb-species may be held to the clay
surface at appropriate ion-exchange sites [25,33].

The correlation coefficient of the Langmuir isotherm model was higher than that of the Freundlich
isothermal model, from which we can conclude that the Langmuir isotherm model was more suitable
for nano I-Sm removal of Pb(II) in aqueous solutions. Similar results were also reported in earlier
studies in which the adsorption of heavy metal ions fitted well to the Langmuir isotherm [15,19,33].
Furthermore, the n values of the Freundlich isothermal model relate to the adsorption properties of the
adsorbent, where values of n between 2 and 10 represent good adsorption [34], which is an indication
of the good adsorption of Pb(II) by nano I-Sm.

The Gibbs free energy (ΔG) was −2.541, −2.637, −2.695, −2.788, and −2.876 kJ mol−1(ΔG < 0) when
the temperature was set at 298, 308, 313, 323, and 333 K, respectively. These indicate that the adsorption
of Pb(II) on nano I-Sm is a spontaneous process [23]. The ΔH was 4.844 kJ mol−1(0 < ΔH < 16), which
indicates that the adsorption of Pb(II) on nano I-Sm is an endothermic process [19,34].

The SEM results showed that the surface morphology of Pb-adsorbed nano I-Sm is different
from that of natural nano I-Sm. The natural nano I-Sm showed loose aggregates with a porous
structure. After adsorption, the surface of nano I-Sm demonstrates compacted aggregates. The surface
morphology of the natural nano I-Sm changed evidently during the adsorption process, indicating that
significant interaction at the lead–clay interface occurred during the experiment. Similar SEM results
were reported by other researchers [28,35].

5. Conclusions

As a new adsorbent, nano I-Sm can be used for depth treatment in lead-contaminated water.
The pseudo-second-order adsorption mechanism was predominant for the adsorption of Pb(II) on
nano I-Sm. The saturated adsorption capacity of Pb(II) on nano I-Sm in the aqueous solution was
256.41 μg·g−1. The adsorption patterns followed the Langmuir isotherm model. The adsorption of
Pb(II) on nano I-Sm is a thermodynamically feasible, spontaneous, and endothermic process.
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Abstract: An investigation has been carried out to explore the lignin-degrading ability of white rot
fungi, as B. adusta and P. crysosporium, grown in different media containing (i) glucose and mineral
salts; (ii) a dairy residue; (iii) a dairy residue and mineral salts. Both fungi were then used as
inoculum to treat synthetic and industrial pulp-and-paper mill wastewater. On synthetic wastewater,
up to 97% and 74% of lignin degradation by B. adusta and P. crysosporium, respectively, have been
reached. On industrial wastewater, both fungal strains were able to accomplish 100% delignification
in 8–10 days, independent from pH control, with a significant reduction of total organic carbon (TOC)
of the solution. Results have confirmed the great biotechnological potential of both B. adusta and
P. crysosporium for complete lignin removal in industrial wastewater, and can open the way to next
industrial applications on large scale.

Keywords: lignin; delignification; pulp-and-paper-mill c; wastewater; white rot fungi; B. adusta;
P. crysosporium

1. Introduction

The pulp and paper industry in Europe accounts for about a quarter of world manufacturing,
producing more than 90 million tons of paper and board, and more than 36 million tons of pulp
annually [1]. The manufacture of paper generates significant quantities of wastewater, as high as
60 m3/ton of paper produced [2]. These raw wastewaters—sometimes called black liquor—can be
potentially very polluting [3]. Pulp-and-paper mill wastewater contains a considerable amount of
pollutants characterized by high biochemical oxygen demand (BOD), chemical oxygen demand
(COD), and high dissolved solids, mainly due to alkali–lignin and polysaccharide degradation
residues [4]. The environmental impact of pulp-and-paper mill wastewater depends not only on
its chemical nature, but also on its dark coloration that negatively affects aquatic fauna and flora [5].
The primary contributors to the color and toxicity of wastewater are high-molecular-weight lignin and
its derivatives. Lignin is the generic term for a large group of aromatic rigid and impervious polymers
resulting from the oxidative coupling of 4-hydroxyphenylpropanoids, present predominantly in woody
plants [6]. The chemical or biological degradation of lignin is very difficult due to the presence of
recalcitrant and not-hydrolysable carbon-carbon linkages and aryl ether bonds [7]. Notwithstanding,
pulp-and-paper mills are now facing challenges to comply with stringent environmental regulations [8].
For years, various methods have been developed and attempted for wastewater treatment and organic
pollutants removal, including incineration [9], photochemical UV/TiO2 oxidation [10], adsorption of
organic compounds on activated carbon and polymer resin [11], chemical coagulation/flocculation
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of lignin using synthetic or natural coagulants [12], and catalytic wet air oxidation [13]. However,
all these processes are expensive, environmentally overburdening, and often not very efficient [14].
Furthermore, in these processes lignin is not really degraded, but transferred from a water-suspended
state into a solid or absorbed state, only moving the problem [15]. A valid alternative to remove
organic pollutants from pulp-and-paper wastewater is now represented by biological treatments.
In nature, various ligninolytic organisms and enzymes including fungi, actinomycetes, and bacteria are
implicated in lignin biodegradation, and can have potential application in wastewater treatments [16].
Several studies have been carried out on biological delignification of pulp-and-paper mill wastewater
using pure bacterial strains [17]: about 70–80% of lignin degradation and COD removal have
been achieved with Pseudomonas putida and Acinetobacter calcoaceticus [18], Aeromonas formicans [19],
and Bacillus sp. [20]. In this field, white-rot fungi have also received increasing attention due to
their powerful lignin-degrading enzyme system [21]. White-rot wood fungi use the cellulose fraction
as a carbon source and are able to completely degrade the lignin in order to have access to the
cellulose. Basidiomycetes species are extensively studied due to the high degradation ability of the
extracellular oxidative enzymes (i.e., laccase, peroxidase) that need low-molecular weight cofactors [22].
Recent developments of new technologies and/or improvements of existing ones for the treatment
of effluents from the pulp and paper industries include the use of the white rot fungi Aspergillus
foetidus, Phanerochaete chrysosporium, and Trametes versicolor [23], but scarce industrial experience is
available concerning the degradation of highly-contaminated pulp-and-paper mill wastewater by fungi.
In particular, Phanerochaete chrysosporium is a well-known white-rot fungus and a strong degrader of
various xenobiotics [24]. It has been extensively investigated as a model organism for fungal lignin
and organopollutant degradation, since it was the first fungus found to produce lignin peroxidase
and manganese peroxidase [25]. Bjerkandera adusta is a wood-rotting basidiomycete belonging to the
white-rot fungi commonly found in Europe. Its capability to degrade aromatic xenobiotics [26] and
extractives [27] has progressively increased its biotechnological interest in wastewater treatments for
lignin degradation [28]. Due to its laccase and manganese peroxidase activity [29,30], applications
of B. adusta to the biomineralization of lignin in soils [31] and to the decoloration of industrial dye
effluents [32] has been already attempted, but to date not at an industrial level. This study reports the
lignin removal capability and effectiveness of B. adusta and P. crysosporium, grown in different culture
media containing lignin, on synthetic and industrial pulp-and-paper mill wastewater.

2. Materials and Methods

2.1. Fungal Strain Master Cell Bank and Working Cell Bank

Bierkandera adusta and Phenarochete crysosporium were purchased from Leibniz Institute
DSMZ–German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). The strains
have been stored as a master cell bank (MCB), maintained at −20 ◦C in 3% malt extract and 3% peptone
cryovials (1 mL) with added glycerol (0.5 mL). Cells from the MCB were expanded to form the working
cell bank (WCB), using an identical procedure. Prior to being used in the process, the fungal strains
from WCB were maintained for 7 days in 3% malt extract agar Petri dishes.

2.2. Standard Media and Pulp-and-Paper Mill Wastewater

Three growth media have been prepared for this study: (i) a medium (standard glucose medium,
SGM) containing glucose (10 g/L), KH2PO4 (1 g/L), yeast extract (0.5 g/L), MgSO47H2O (0.5 g/L),
and KCl (0.5 g/L) was adjusted to pH 5.5 with 1 M HCl and autoclaved; (ii) a medium (standard lactose
medium, SLM) where glucose has been replaced with 50 mL of a dairy residue from cheese processing
containing 50 g/L lactose, supplied by Granarolo S.p.A. (Bologna, Italy) (Table 1); (iii) a medium made
up with the sole dairy by-product (standard dairy medium, SDM). Before inoculation, SGM medium
was added with 5 g/L of standard lignin. Spore and mycelium suspensions obtained from agar Petri
dishes were used to inoculate a 250 mL Erlenmeyer flask containing 100 mL of SGM. Cell cultures were
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all incubated at 24 ◦C without pH control for 10 days under mild stirring rate (60 rpm) and samples
were withdrawn at 1–3 day intervals for residual lignin content analysis.

Table 1. Dairy residue chemical composition.

Constituent %

Total solids 6.0
Lactose 5.0
Proteins 0.6

Non-protein N * 0.2
Lipids 0.05

Ash 0.5

Note: * N = Nitrogen.

A synthetic pulp-and-paper mill wastewater was prepared by dissolving 5 g/L of standard lignin
in distilled water. Three 1-L Erlenmeyer flasks containing 500 mL of the synthetic wastewater were
inoculated with 50 mL of cell cultures grown in the SGM, SLM, and SDM media, respectively, all added
with standard lignin (5 g/L) and incubated for 10 days at 24 ◦C and mild agitation (60 rpm).

The industrial pulp-and-paper mill wastewater utilized for this study was supplied by a local
pulp-and-paper firm, collected in a closed container and stored in darkness at 4 ◦C until use.
The concentration of soluble and insoluble lignin was determined, as well as total organic carbon
(TOC), as described in Section 2.3.

Two 1-L Erlenmeyer flasks containing 500 mL of wastewater were inoculated with 50 mL of cell
cultures grown in the SLM added with lignin (5 g/L), and incubated for 10 days at 24 ◦C and mild
agitation (60 rpm). In one flask, pH was adjusted to 5.5 with 1 M HCl, in the other pH was left at the
original value measured for industrial wastewater of 6.5 without control.

All of the above experiments were conducted in triplicate. The data in subsequent sections are
based on the average and standard deviation of the three measurements.

2.3. Chemicals and Analysis

All chemicals were reagent grade or better. Unless specified otherwise, they were obtained from
Sigma-Aldrich Chemical Co (Saint Louis, MO, USA). The concentration of lignin was measured using
the INNVENTIA—Biorefinery Test Methods L 2:2016 [33], specific for the determination of lignin
isolated from a Kraft pulping process. The procedure is based on the sulphuric acid hydrolysis of the
samples. This method makes it possible to determine concentrations of total lignin content, measured
as the sum of the amount of acid-insoluble matter (AIM) and acid-soluble matter (ASM) after sulphuric
acid hydrolysis, down to 10 mg/g oven-dry sample.

TOC was determined with a Carbon Analyzer TOC-V-CSM (Shimadzu, Tokio, Japan) after
acidification with 2 M HCl to remove dissolved carbonate [34]. The instrument has a detection limit
of 5 μg/L and a measurement accuracy expressed as coefficient of variation (CV) 1.5%. Biomass
concentration (dry weight, DW) was determined gravimetrically after drying overnight at 105 ◦C on
a pre-weighed 0.2 μm filter.

3. Results

3.1. B. adusta and P. crysosporium Growth on SGM

Lignin was added to the standard medium SGM before inoculation of B. adusta and P. crysosporium
because several studies describe that the presence of lignin in the liquid medium exerts an influence
on the expression profile of lignin peroxidase, manganese peroxidase, and laccase—all enzymes held
responsible for the lignin degradation of natural lignocellulosic residue [35,36]. Under the condition
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maintained on 100 mL-scale, in 10 days B. adusta was able to uptake and metabolize lignin up to 67%,
while P. crysosporium only 30% (Figure 1).

(a)

(b)

Figure 1. Lignin removal from 100 mL of standard glucose medium (SGM) with lignin 5 g/L added by
(a) B. adusta and (b) P. crysosporium.

As described by Girard et al. [37], in both cases the expression of delignifying enzymes
only initiated after 2–3 days from inoculation, corresponding to complete glucose depletion (data
not shown).

3.2. Lignin Removal Efficiency on Synthetic Pulp-and-Paper Mill Wastewater

The addition of agro-food by-products to fungal cultures may reflect complex growth conditions
close to nature, and could stimulate the secretion of various enzymes required for degradation or
detoxification processes [38]. This, in addition to the evidence that the production of lignin peroxidase
and manganese peroxidase in B. adusta is stimulated by the presence of organic nitrogen (N) source
(unlike P. chrysosporium, which produces ligninolytic peroxidases in response to N limitation [39]),
has driven the study towards the possibility of integrating the growth medium with a dairy by-product,
usually rich in protein and amino acids, apart from sugar. Furthermore, in view of industrial
application, the use of a by-product instead of pure substrates could permit the considerable reduction
of operational investments, among which chemicals required for fungal growth are the most relevant.
The use of cheese whey has been previously proposed by Feijoo et al. [40] as an inexpensive substrate
for fungal growth. B. adusta and P. chrysosporium have been incubated in SGM, SLM, and only dairy
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residue with no addition of other nutrients or mineral salts (SDM). The largest amount of fungal
biomass was obtained when dairy residue was present in the media (Table 2).

Table 2. Fungal cells dry weight (g/L) obtained from growth in SGM, standard lactose medium (SLM),
and standard dairy medium (SDM) media.

Strain SGM SLM SDM

B. adusta 2.5 ± 0.4 3.6 ± 0.5 3.5 ± 0.4
P. crysosporium 2.7 ± 0.3 4.3 ± 0.5 3.8 ± 0.6

In both cases, the results seem to confirm the correlation between organic N source and fungal
cell growth. Identical amounts of cells of B. adusta and P. crysosporium grown in the three media were
used as inoculum for synthetic wastewater, in order to verify if cell cultures developed in different
media would express different enzymatic patterns or different enzyme activities. Figure 2a shows that
B. adusta grown in the SGM medium was able to remove 73% of lignin, whilst B. adusta grown in the
presence of a source of protein and amino acids in both cases reached delignification yields of 97%
with SLM and 86% with SDM. On the other hand, P. crysosporium in all three cases obtained yields not
higher than 74% when grown in SLM (54% in SGM and 69% in SDM, respectively).

(a) (b)

Figure 2. Lignin removal from synthetic pulp-and-paper mill wastewater during 10 days by (a) B. adusta
and (b) P. crysosporium grown in SGM (dots), SDM (triangles), and SLM (squares) media, all with the
addition of 5 g/L lignin.

The time courses of delignification in 10 days were quite similar in all three cases for B. adusta,
having a 1-day reduced lag phase cell culture grown in SLM. The interesting point is that the slopes
of the three curves are similar in the 3–8 days’ interval, but from day-8 on, cell culture grown in
SGM seemed to miss the lignin removal capacity, even though residual lignin was still present in
the fermentation broth. This could be due to the decline of lignin peroxidase activity caused by
the appearance of extracellular protease activity that has been observed after day 6–10 in cultures of
P. chrysosporium grown on glucose [41]. This also confirmed what was reported by Nakamura et al. [42],
whereby in glucose-based media, enzymes produced by B. adusta can only degrade part of the chemical
structure of lignin. Otherwise, in order to maximize peroxidase activity, lactose has already been
identified as a good carbon source for Bierkandera spp. when the nitrogen source was organic [43],
as in SLM and SDM media. P. crysosporium was found to be surprisingly less active than B. adusta in
lignin removal effectiveness in all three growth conditions (Figure 2b). Moreover, it showed a longer
lag phase before starting to degrade lignin. According to Keyser et al. [44], lignin metabolism in
P. crysosporium did not reflect the depletion of glucose, as in B. adusta, but instead appeared to be a
response to nitrogen starvation. The prolonged lag phase could be induced by the need to wait for the
partial or complete depletion of the N source transferred with inoculum.
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3.3. Lignin Removal Efficiency on Industrial Pulp-and-Paper Mill Wastewater

B. adusta grown on SLM with lignin 5 g/L added has demonstrated to be effective for
almost complete lignin biodegradation in synthetic wastewater. Based on these promising results,
an application on industrial wastewater has been attempted, in comparison with P. crysosporium grown
in the same conditions. The industrial wastewater supplied by the local pulp-and-paper mill for these
tests (pH 6.5 and with a 100 g/L lignin content on dry weight basis) was diluted (12% dry weight).
The ability of both fungal strains to biodegrade lignin has been tested, verifying the effect of pH on
their enzymatic activities. In one case, the pH of wastewater was adjusted to the optimum value for
fungi cell growth (pH 5.5), and in the other the process was allowed to proceed without correction
(pH 6.5). From the perspective of industrial application, the possibility of avoiding costs deriving from
the use of acids as correction agent could be very relevant. The results of the tests carried out using an
inoculum of B. adusta and P. crysosporium grown on SLM medium on industrial wastewater with and
without pH correction are reported in Figure 3.

(a) (b)

Figure 3. Lignin removal from industrial pulp-and-paper mill wastewater with pH correction (dots)
and without pH correction (squares) during 10 days by (a) B. adusta and (b) P. crysosporium, grown in
SLM medium added with lignin 5 g/L.

As expected, at optimum pH condition B. adusta started to biodegrade lignin without any lag
phase and maintained an almost constant biodegradation rate of about 1 g/L of lignin per day over
the entire test course. In contrast, without pH control fungal cells needed 1–2 days for adapting, before
starting biodegradation. This leads to a variable delignification rate during the process—slower at the
beginning (0.9 g/L × day) and higher from five days on (1.7 g/L × day). The final result in both cases
was complete lignin removal, with an efficiency of 100%. One hundred percent delignification was also
obtained when treating the pulp-and-paper mill wastewater with P. crysosporium, almost complete in
8 days. At a first glance, the time courses seemed to confirm the previous results obtained on synthetic
pulp-and-paper mill wastewater, regarding the need of a longer lag phase compared with B. adusta.
Otherwise, a sharp decline of residual lignin was observed from day 6. These results appeared to be
particularly promising, compared with an average delignification yield of 70–80% reported for white
rot fungi: both P. crysosporium and B. adusta were competitive against the 71% delignification yield on
pulp-and-paper mill residues obtained by Pseudomonas putida [45], 78% by Aeromonas formicans [19],
and 80% by Acinetobacter calcoaceticus [46].

To confirm the overall organic C removal, TOC analysis of samples was carried out. It is
usually reported that lignin represents about 30–45% of the total organics in pulp-and-paper mill
wastewater [47], so a corresponding decrease of TOC was expected (Figure 4). In both cases, an overall
reduction of about 35% of organic charge of wastewater was obtained, reasonably due to lignin uptake
for fungal metabolism.
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(a) (b)

Figure 4. Total organic carbon (TOC) decrease of industrial pulp-and-paper mill wastewater with pH
correction (white dots) and without pH correction (black dots) during 10 days by (a) B. adusta and (b)
P. crysosporium grown in SLM medium with 5 g/L lignin added.

4. Conclusions

This study opens new perspectives for the bioremediation of industrial effluents such as
pulp-and-paper mill wastewater using white rot fungi. In particular both B. adusta and P. crysosporium
were found able to growth on non-conventional media, better than on glucose as sole carbon source,
and to improve the delignifying activity in the presence of organic N and mineral salts. Moreover,
they can survive on synthetic wastewater and proved to be effective for the complete degradation of
lignin. The biotechnological potential of these strains was also confirmed on industrial wastewater,
being active up to the total depletion of lignin. No operational problem was detected at 500 mL scale,
as a first confirmation of the robustness and applicability of this system. The results obtained lay the
ground for further scaling up to pilot plant level.
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Abstract: In this study, the aim was to evaluate the adsorption capacity of a volcanic rock commonly
used in Mexico as filter medium in constructed wetlands (locally named tezontle) for carbamazepine
(CBZ) adsorption, as well as to analyze the change in its capacity with biofilm growth. Adsorption
essays were carried out under batch conditions by evaluating two particle sizes of tezontle, two values
of the solution pH, and two temperatures; from these essays, optimal conditions for carbamazepine
adsorption were obtained. The optimal conditions (pH 8, 25 ◦C and 0.85–2.0 mm particle-size) were
used to evaluate the adsorption capacity of tezontle with biofilm, which was promoted through
tezontle exposition to wastewater in glass columns, for six months. The maximum adsorption capacity
of clean tezontle was 3.48 μg/g; while for the tezontle with biofilm, the minimum value was 1.75 μg/g
(after the second week) and the maximum, was 3.3 μg/g (after six months) with a clear tendency of
increasing over time. The adsorption kinetic was fitted to a pseudo-second model for both tezontle
without biofilm and with biofilm, thus indicating a chemisorption process. On clean tezontle, both
acid active sites (AAS) and basic active sites (BAS) were found in 0.087 and 0.147 meq/g, respectively.
The increase in the adsorption capacity of tezontle with biofilm, along the time was correlated with a
higher concentration of BAS, presumably from a greater development of biofilm. The presence of
biofilm onto tezontle surface was confirmed through FTIR and FE-SEM. These results confirm the
essential role of filter media for pharmaceutical removal in constructed wetlands (CWs).

Keywords: pharmaceuticals; micropollutant removal; tezontle; filter media; active sites

1. Introduction

Carbamazepine (CBZ) is a drug extensively used worldwide in the treatment of a variety of
mental disorders, neuralgia, and seizure disorders [1,2]. In the last two decades, this drug has been
found along with a huge diversity of pharmaceuticals in aquatic environments. Moreover, according
to different studies, CBZ is the pharmaceutical most frequently detected in water bodies around
the world [3,4] so that it has been proposed as an anthropogenic marker in such environments [5].
This situation is mainly a consequence of CBZ’s poor removal in conventional wastewater treatment
plants (WWTP), which is generally lower than 10%. The effluents of municipal WWTPs are considered
the main route for pharmaceutical release into the environment [6,7].

In recent years, the removal of pharmaceutical compounds in constructed wetlands (CW) have
been the aim in many studies worldwide [8]. Although the removal efficiencies for many drugs in such
systems have been found to be similar or much higher than those removals achieved in conventional
WWTPs, the removal of CBZ has been very low, varying in the range of 20–30% with an average
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efficiency of lower than 30% [6]. However, in a recent study carried out by this research group, removal
efficiencies of 62.5% and 59% were found in two two-stage hybrid constructed wetlands configured
with horizontal subsurface flow wetland (HSSFW), followed by stabilization ponds and HSSFW,
then followed by vertical subsurface flow wetland, respectively [9]. These results were achieved
under a subtropical climate by using ornamental species as emergent vegetation in conjunction with a
porous-local ground volcanic rock as filter medium, commonly named tezontle. In Mexico, this is the
substrate most frequently used in CWs.

On the other hand, it has been reported that the main mechanisms for CBZ removal in constructed
wetlands, include microbial degradation, plant uptake, and adsorption [10], which are not completely
elucidated due to the fact that most studies have been focused only on the inlet and outlet loads [8].
In general, adsorption as a removal process for pharmaceuticals has been extensively assessed through
the use of different adsorbents; among those adsorbents recently evaluated are commercial activated
carbons [11], silica-based materials [12], chitosan-based magnetic composite [13], ion-exchange
resins [14], clay minerals [15], etc. Nevertheless, commonly used filter media in CWs have been
scarcely evaluated as adsorbents for pharmaceutical removal [8,16]; as a result, their contribution for
each specific drug removal, such as CBZ, is almost unknown.

Among the few reported studies is that performed by Dordio et al. [2] who evaluated light
expanded clay aggregates (LECA) for CBZ removal as a single compound and as a mixture of three
compounds (CBZ, ibuprofen, and clofibric acid), obtaining higher removal efficiencies for CBZ in all of
the tested conditions in comparison to the other two drugs. In another study, Matamoros et al. [17]
quantified sorption on gravel used as substrate in HSSFWs, finding a higher sorption of CBZ in
comparison to clofibric acid and ibuprofen; they attributed such results to the presence of biofilm
covering the gravel bed. From these few studies, it is evident the relevance of sorption as a mechanism
for CBZ removal and also the necessity of evaluating filter media used in CWs, such as the volcanic
rock we use in Mexico, which probably contributed to the high removal of CBZ obtained in a previous
study [9], as mentioned before. Therefore, the aim of this study was to evaluate the sorption capacity
of ground tezontle for CBZ removal, as well as to evaluate the change in its capacity with the presence
of biofilm developed through its exposition to wastewater.

2. Materials and Methods

2.1. Material Preparation

The material was purchased from a construction material store. In Mexico, tezontle is a porous
material extensively used in construction. Approximately 5 kg of ground tezontle were washed with tap
water in order to completely remove any dirt and dust, and then dried at 110 ◦C for 24 h. After drying,
the material was left to reach room temperature and then it was sieved through appropriate AST sieves
in order to classify it in two different particle sizes, i.e., 0.85–2 mm (PS1) and 4–4.75 mm (PS2). Once
classified and separated according to the particle size, the material was stored in a desiccator at room
temperature until its use to perform the adsorption experiments.

2.2. Characterization of the Ground Tezontle

The particle size distribution was determined through the dry-sieving technique [2,18]. By means
of a grain-size distribution plot, d10 and d60 were estimated, while the uniformity coefficient was
obtained as the ratio between d60 and d10 [2]. Additionally, the material porosity and bulk density
was calculated according to Brix et al. [19]. On the other hand, tezontle structural properties were
analyzed by X-ray diffraction (XRD) using a STOE diffractometer (Stoe, Darmstadt, Germany) with
Cu Kα anode (λ = 1.5406 nm). In addition, textural properties of tezontle, such as the average pore
diameter (APD), total pore volume (VPT), and N2 adsorption/desorption isotherms were determined
by N2-physisorption at the saturation temperature of liquid nitrogen (−196.5 ◦C) through the use of an
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Autosorb gas sorption system (IQ model from Quantachrome, Boynton Beach, FL, USA). The specific
surface area (SBET) was calculated according to the Brunauer-Emmet-Teller (BET) equation.

2.3. Adsorption Kinetic Assays of CBZ onto Tezontle without Biofilm

In order to find out the best conditions for CBZ adsorption (particle size, temperature, and pH),
adsorption experiments were performed by adding 1 g of tezontle to glass flasks containing 100 mL
of carbamazepine (99% purity, Sigma-Aldrich, Saint Louis, MO, USA) solution at a concentration of
250 μg/L, buffered with 0.01 M of phosphate [20] in order to maintain the pH at the desired level,
which was adjusted by using H2SO4 or NaOH 0.1 N. The flasks were stirred magnetically at 200 rpm
for the evaluation of CBZ adsorption onto tezontle for 0.5, 1, 1.5, 2, 3, and 4 h. These assays were
performed by triplicate with the two different particle size of tezontle, PS1 and PS2, at two different
temperatures, 16 ◦C and 25 ◦C, and at two levels of pH, 6 and 8 (Figure 1).

Figure 1. Experiment design for the adsorption kinetic assays of carbamazepine (CBZ) on tezontle
without biofilm.

2.4. Adsorption Kinetic Assays of CBZ onto Tezontle with Biofilm

The growth of biofilm on the tezontle surface was carried out in 15 glass columns
(dimensions, diameter = 2 cm; large = 25 cm) that were packed with the filter medium. The particle size
used was that with which the higher adsorption capacity was obtained from the assays, as described
in the previous section. All of the columns were fed with sedimented wastewater generated in the
campus of Centro Universitario de la Ciénega with a flow rate of 0.19 ± 0.02 L/min (controlled by a
valve for each column) and a hydraulic retention time of 13.79 ± 1.38 s. The wastewater was stored in
a 10 L-plastic container and recirculated for 15 days by means of an 18 W-fountain pump and then
replaced. An upward flow was maintained by feeding the wastewater through a tubing system joined
to the bottom of each column; the wastewater was returned to the plastic container by tubings located
at the top of the columns. This type of flow was used in order to keep flooding conditions inside the
columns, as well as to maintain a constant flow rate.

Wastewater characterization included measurements of chemical oxygen demand (COD),
biochemical oxygen demand (BOD), total nitrogen, phosphorus, total suspended solids (TSS),
conductivity, and pH, which were determined as described in the Standard Methods for the
examination of Water and Wastewater [21]. A column was removed from the whole experiment
(15 glass columns) every week during 12 weeks and then, every month. The tezontle inside the columns
was removed and deactivated by UV-radiation for 30 min from a distance of 12.0 cm [22] using a
SPECTROLINE lamp, EA-160, (Spectronics Corporation, Westbury, NY, USA); immediately after,
the tezontle was dried at 50 ◦C by 3 h. Then, the material was kept in a desiccator until its use to
carry out adsorption kinetic experiments, as described in Section 2.3, under the optimum conditions
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determined in the essays described in that same section. In addition, a sample of this material was
analyzed by Fourier Transform Infrared Spectroscopy (FTIR) and by Field Emission Scanning Electron
Microscopy (FE-SEM) to confirm the presence of biofilm. Surface active site concentration (SASC) was
also determined in each sample. For FTIR analysis, a Thermo Nicolet Nexus 470 spectrophotometer
(Artisan Technology Group, Champaing, IL, USA) was used as well as the KBr method, while the
FE-SEM micrographs were obtained by a MIRA 3 LMU Tescan microscope (TESCAN, Brno, South
Moravian, Czech Republic) using a thin conductive film of gold on the sample surface and a current of
10 kV [2]. Finally, the SASC was quantified by the Boehm titration conventional method [23,24]. In all
of these analyses a sample of tezontle without biofilm was included as a reference.

2.5. Aqueous Samples Preparation and CBZ Detection

From each essay, 100 mL of the supernatant was taken and filtered through a 20 μm filter paper
(Whatman 41, Whatman Inc., Piscataway, NJ, USA) ) and then through a 1.6 μm GF/A Whatman
fiber glass filter. After that, CBZ was extracted from the aqueous sample by solid phase extraction
(SPE) method using Phenomenex Strata-X (200 mg/6 cc) cartridges (Phenomenex, Torrance, CA, USA).
The cartridges were conditioned with 5 mL of methanol and 10 mL of deionized water at a flow rate
of 1.5–2 mL/min. Then, the aqueous sample was passed through the cartridge at the same flow rate.
In order to remove any impurity, the cartridges were washed with 5 mL of deionized water and dried
under vacuum for one hour. Thereafter, CBZ was eluted with 10 mL of methanol. Finally, the samples
were filtered through a 0.2 μm PTFE filter. CBZ detection were performed by a Waters HPLC as
described by [9].

2.6. Statistical Analysis

A factorial experimental design, specifically 23, was used to evaluate the adsorption kinetic assays
of CBZ in aqueous solution by tezontle. The three analyzed factors and their corresponding levels were:
particle size (PS1 and PS2), pH (6 and 8) and temperature (16 and 25 ◦C). The analysis of variance
(ANOVA) was carried out using the STATGRAPHICS CENTURION XVII software (XVII, StatPoint
Technologies, Inc., Warrenton, VA, USA). A significance level of p = 0.05 was used for all statistical
tests and values reported are the average ± standard error of the mean.

3. Results and Discussion

3.1. Structural and Textural Properties of the Ground Tezontle

The structural and textural properties of the material used in this study are shown in Table 1.
According to the particle size distribution, the ground tezontle has a wide particle size distribution,
with 92.73% of the material having diameters between 0.425 and 4 mm. With regard to d10, d60, and
the uniformity coefficient, they fall into the range of recommendable values for filter media used in
CWs [25]. In addition, the apparent porosity was more than 50%, which is higher than those values
reported for gravel; in this way, ground tezontle exhibits advantages as a support matrix in CWs,
because, the higher amount of void space, the better the hydraulic conductivity [2].

Table 1. Structural and textural characteristics of ground tezontle.

d10 (mm) 0.48
d60 (mm) 1.9

Uniformity coefficient, U 3.95
Apparent porosity/void space (%) 56.2

Bulk density (kg/m3) 1047
BET specific surface area, SBET (m2/g) 1.36

Total pore volume, VPT (cm3/g) 0.008
Average pore diameter, APD (nm) 26.64
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On the other hand, as expected, the BET specific surface area was very small in comparison to
adsorbents prepared or synthetized for drug removal but alike to the value reported by Alemayehu
& Lennartz [26] for a similar volcanic scoria. In addition, the N2 adsorption–desorption isotherm
of tezontle (Figure 2) was of the type IV with a hysteresis loop of H3-type, according to the IUPAC
classification [27]. The hysteresis loop of H3-type indicates the presence of non-rigid aggregates
of plate-like particles giving rise to slit-type shaped pores [28]. The pore sizes calculated from the
desorption branch of N2 sorption isotherm were in the mesopore range with values between 2 and
50 nm, which is in line with the values reported by Vilchis-Granados et al. [29]. Finally, the X-ray
diffraction pattern of tezontle evaluated in this study (Figure 3) revealed the crystalline structure of
the material with crystalline peaks located at 2θ angles of 21.6◦, 27.5◦, and 35.3◦. The diffraction peak
at 2θ = 21.6◦ corresponds to the plane (110) of goethite (FeO(OH)), while the peak at 27.5◦ belongs
to the plane (101) of quartz (SiO2) according to Brooks et al. [30]. On the other hand, the peak at
35.3◦ corresponds to the crystalline plane (110) of hematite (Fe2O3) according to Farahmandjou &
Soflaee [31]. These results, are in line to those crystalline planes reported for tezontle by Ponce et al. [32]
who proposed a preliminary composition consisted mainly of quartz (SiO2) and ferric oxides like
hematite (Fe2O3).

Figure 2. N2 adsorption-desorption isotherm of tezontle.

Figure 3. X-ray diffraction (XRD) pattern of tezontle.
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3.2. Adsorption Kinetics of CBZ onto Tezontle without Biofilm

The kinetics of CBZ adsorption by tezontle under the different assessed conditions showed a similar
behavior with respect to the time that the equilibrium was accomplished (Figure 4). With regard to the
reached equilibrium concentrations, they showed in general, a low adsorption capacity of tezontle, with
small variations at 16 ◦C irrespective of pH or particle size (Table 2); higher variations were observed
at 25 ◦C. However, for both temperatures, the adsorption capacity of tezontle was higher with PS1;
such results were expected, since it is well known that smaller particle sizes have larger surface areas
available for adsorbate-adsorbent interactions.

Figure 4. Adsorption kinetics of CBZ at (a) 16 ◦C and (b) 25 ◦C onto two particle sizes of tezontle
(PS1, PS2) at pH 6 and pH 8.

Table 2. Equilibrium adsorption capacity (qe) and its equivalent removal percentage at the different
levels of particle size, pH and temperature.

Temperature Parameter PS1/pH 6 PS1/pH 8 PS2/pH6 PS2/pH8

16 ◦C
qe (μg/g) 2.48 2.73 2.03 1.7

Removal % 9.7 10.9 8.1 6.8

25 ◦C
qe (μg/g) 2.3 3.48 1.3 0.61

Removal % 9.3 14.67 5.2 2.5

The mathematical model of the factorial design [33] used to find the optimal conditions for CBZ
removal by tezontle is shown in Equation (1). In addition, the experimental design along with the data
obtained in the CBZ adsorption experiments are shown in Table 3.

yijkl = μ + τi + β j + γk + (τβ)ij + (τγ)ik + (βγ)ik + (τβγ)ijk + εijkl (1)

i = 1 and 2. j = 1 and 2. k = 1 and 2 for this particular case. μ, is the overall mean effect. τi, β j, γk , are the
effects of the i th level of factor A (particle size), (∑

i
τi = 0); of the j th level of factor B (temperature),

(∑
j

β j = 0); and, of the k th level of factor C (pH), (∑
k

γk) = 0. (τβ)ij, (τγ)ik, (βγ)ik and (τβγ)ijk,

are the effects of the interactions between A × B, A × C, B × C and A × B × C, respectively. εijkl , is
the random error in the combination ijkl and l are the replicates.
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Table 3. CBZ adsorption experiments. A, particle size; B, temperature; C, pH. Factor levels, low (−1),
high (+1).

Run
Coded Factors Percent of CBZ Removal

A B C Replicate 1 Replicate 2 Replicate 3

1 −1 −1 −1 11 10.6 12.1
2 1 −1 −1 12 8.3 6.5
3 −1 1 −1 9.8 12.2 10
4 1 1 −1 5.2 5.2 5.2
5 −1 −1 1 9.4 9 10.1
6 1 −1 1 6.1 6.1 6.1
7 −1 1 1 12.8 14.7 14.2
8 1 1 1 2.8 2.8 2.8

According to the ANOVA (Table 4), out of the three factors, only the particle size was significant
(p < 0.05) for CBZ adsorption, confirming that PS1 functions better that PS2 as was aforementioned
with regard to Figure 4. However, even more important, the interaction between the evaluated three
factors (particle size, temperature, and pH) was significant (p < 0.05), and the best experimental
conditions for CBZ adsorption onto tezontle was the combination of PS1, pH 8, and 25 ◦C. Under such
conditions, the lowest equilibrium concentration and the corresponding highest removal of CBZ was
reached (Table 2). It is important to point out that although the adsorptive capacity of tezontle was
found to be low, the contribution of this porous medium to CBZ removal remains important because of
the quantity of filter medium required in CWs, as well as the concentration of this drug in wastewater.

Table 4. Results from the ANOVA for CBZ adsorption.

Factors p-Value

A: Particle size 0.0000
B: Temperature 0.1220

C: pH 0.0749
AB 0.0000
AC 0.0034
BC 0.0141

ABC 0.0343

The increase in tezontle adsorption capacity with temperature is probably due to the fact that
temperature enhances the mobility of organic compounds, which may lead to a higher adsorption [15].
Nevertheless, this behavior was only observed in this particular case (PS1, pH 8), while in the other
cases the adsorption capacity decreased with the increase in temperature. In this way, apparently
temperature does not have a unique effect on the adsorption of CBZ onto tezontle. On the other hand,
a better result at pH 8 in comparison to pH 6 coincides with the findings of other authors who affirm
that under acidic conditions, the positively-charged adsorbent surface do not favor pharmaceutical
sorption [13], in particular for neutral-organic compounds, such as CBZ [2].

With respect to the kinetic of the adsorption of CBZ on tezontle, the two most common models
were evaluated, i.e., Lagergren pseudo-first-order model (Equation (2)) and pseudo second-order
model (Equation (3)).

In(qe − qt) = In(qe)− K1t (2)

t
qt

=
1

K2qe2 +
t
qe

(3)

where K1 is Lagergren rate constant (min−1); K2 is pseudo second-order rate constant (g/μg·min); qe

and qt are the amount of pollutant adsorbed at equilibrium (μg/g) and at time t (min), respectively.
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The pseudo-first-order model assumes a proportional relation for the rate of adsorption, while
the pseudo-second-order equation suggests that the rate of adsorption is proportional to the square
of the number of unoccupied sites [34]. According to the correlation coefficient R2, the pseudo-first
order model does not fit well to the data obtained from the experiments (Table 5). In contrast,
a better fit to pseudo-second order model was found for all assays (Table 5), which suggests a CBZ
chemisorption [35,36] onto tezontle.

The previous results were confirmed through the quantification of actives sites (in PS1), which
determines the extent of a chemisorption process [37]. Similar to activated carbons [38], both acid and
basic sites were found, in this case in 0.087 and 0.147 meq/g, respectively. Due to the capability of the
carboxamide group present in the molecule of CBZ, in particular the -NH2 group of forming hydrogen
bond [39], one probable mechanism for CBZ adsorption was the formation of hydrogen bonds with π

electrons from BAS on the tezontle surface. From studies on carbon surfaces, it has been found that
basic properties are associated with Lewis sites located at the π electron-rich regions [38], characteristic
of oxygen-containing functionality capable of acting as a basic center [40]. In this case, the presence of
oxygen in a tezontle surface could be due to its main components, i.e., quartz and ferric oxides [32].

Table 5. Kinetic parameters for adsorption of CBZ onto tezontle at different experimental conditions.

Experimental
Conditions

Pseudo First-Order Pseudo Second-Order

K1 qe
R2

K2 qe
R2

(min−1) (μg/g) (g/μg·min) (μg/g)

PS1, 0.85–2.0 mm

16 ◦C
pH 6 0.0076 2.48 0.09 0.157 2.51 0.97
pH 8 0.0196 2.73 0.53 0.481 2.63 0.98

25 ◦C
pH 6 0.0106 2.3 0.11 0.036 2.45 0.96
pH 8 0.0099 3.48 0.43 0.088 3.2 0.97

PS2, 4.0–4.75 mm

16 ◦C
pH 6 0.0268 2.03 0.4 0.241 2.03 1
pH 8 0.0307 1.7 0.84 0.29 1.61 0.93

25 ◦C
pH 6 0.0182 1.3 0.65 0.63 1.25 0.96
pH 8 0.0079 0.61 0.16 0.21 0.62 0.96

3.3. Adsorption Kinetic Assays of CBZ onto Tezontle with Biofilm

The characteristics of the sedimented wastewater used to promote biofilm formation on the
tezontle with PS1 inside the columns are shown in Table 6. The characteristics were similar to those of
the wastewater used in pilot-scale hybrid wetlands for CBZ removal [9].

Table 6. Characteristics of the wastewater fed to glass columns for biofilm growth on the tezontle
(Average ± SD, n = 15).

Chemical Oxygen Demand, mg/L 107.7 ± 66.37
Biochemical Oxygen Demand, mg/L 45.9 ± 20

Total Nitrogen, mg/L 77.4 ± 44.23
Phosphorous, mg/L 6.8 ± 3.42

Total Suspended Solids, mg/L 35.1 ± 18.15
Electrical Conductivity, μS/cm 873.9 ± 315.92

pH 7.8 ± 0.24

Similar to the essays with tezontle without biofilm growth, the time for the equilibrium to be
reached was 120 min for all of the assays. However, the CBZ equilibrium concentrations varied
according to the exposition period of tezontle to wastewater. In general, the higher the time of
exposition, the larger the adsorption capacity (Figure 5). These results indicate a modification on the
basal state of contact surface of tezontle when being exposed to wastewater and suggest the presence
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of biofilm. It is recognized that the presence of biofilm implies the attachment and deposition of
extracellular polymeric substances (EPS) along with bacterial cells and this complex matrix modify
the physicochemical characteristics of carrier surfaces [41]. Moreover, the evolution in the sorption
capacity of tezontle is probably related to the time required for the biofilm growth. Although the biofilm
formation begins within a few minutes, the complete process to reach a mature biofilm capable of
produce EPS, responsible of the sorption process, might require days [42].

Figure 5. Adsorption kinetics of CBZ onto tezontle with different periods of biofilm formation. Error
bars represent standard error of triplicates.

On the other hand, despite the increase in the adsorption capacity of tezontle along the time, with
a noticeable increase in the removal percent of CBZ, the maximum value reached after 24 weeks was
smaller than the value obtained with tezontle without biofilm. Figure 6 shows increments in the percent
of CBZ removal, almost with a linear tendency (R2 = 0.95) over time, starting in the second week until
the end of the experiment. These results suggest that the removal percentage could probably reach
and possibly surpass that obtained with free-biofilm tezontle with larger periods for biofilm growth.

Figure 6. CBZ removal percentage (mean ± standard error) by tezontle with different periods of biofilm
formation and clean tezontle (CT).
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Furthermore, as expected, the experimental data obtained from each adsorption kinetic showed a
better fit to pseudo-second order kinetic model (Table 7) alike to the adsorption kinetic with free-biofilm
tezontle, indicating a chemisorption process. Once more, these results were confirmed through the
quantification of active sites in each sample of tezontle with biofilm growth, throughout the study.
After the first week, the concentration of BAS as well as the concentration of AAS showed a visible
decrease in comparison to the concentration in free-biofilm tezontle and then, even more after two
weeks (Figure 7); possibly as a consequence of the coating of basal active sites in the tezontle surface by
bacterial attachment which changed its physicochemical characteristics as was aforementioned.

After this general reduction in the active sites concentration, the AAS showed a slight increase
during the next two weeks and then, a clear tendency of decreasing until almost its disappearance after
~10 weeks, suggesting their minimal contribution to the adsorption process. In contrast, a noticeable
increase was found in the BAS concentration along the time, suggesting that the BAS presence after the
second week was due to the biofilm growth onto the tezontle exposed to wastewater and specifically,
due to the release of EPS by forming-biofilm microbes. EPS are high-molecular-weight molecules
consisting mainly of polysaccharides (40%), DNA, proteins, lipids, and humic acids [41,43]. Charged
or hydrophobic polysaccharides and proteins are particularly responsible of organic compound
sorption [44]. Some specific polysaccharide monomers detected by Andersson et al. [45] in EPS
released by microbial consortia developed in wastewater are rhamnose, arabinose, galactose, glucose,
mannose, ribose among others. In this way, this chemical structures with large π electron-rich region
could have participated in the CBZ chemisorption process through hydrogen bonds [23]. In addition,
a clear relationship was observed between BAS concentration and CBZ removal percent, highlighting
this pathway as the main mechanism of adsorption.

The presence of biofilm on tezontle was confirmed through FTIR analysis by which the presence
of characteristic biofilms peaks was observed (Figure 8). The small bands between 2900 and 3000 cm−1

are related to C-H stretching vibration [41] associated with bacterial biomass [46], whereas the peak
at around 2400 cm−1 is due to the vibration of C-O functional groups likely from carboxylic acids
which has been reported as a sorption active site present in the cell wall of Gram-positive bacteria [46].
Other characteristic biofilm bands corresponding to proteins (1637–1660 and 1272–1288 cm−1) and
polysaccharides (1000–1132 cm−1) have been reported in the literature [41]; however, in this study they
were not detected, apparently because of the wide and intense bands in the tezontle FTIR fingerprint
between 400 and 1750 cm−1, which interfered with the detection of these bands.

Table 7. Kinetic parameters for adsorption of CBZ onto tezontle with biofilm.

Weeks of Biofilm
Formation

Pseudo First-Order Pseudo Second-Order

K1 qe
R2

K2 qe
R2

(min−1) (μg/g) (g/μg·min) (μg/g)

1 0.0212 1.22 0.5 3.5 1.25 0.99
2 0.0265 0.9 0.61 8.6 0.91 0.99
3 0.0048 1.09 0.53 0.035 0.9 0.90
4 0.0198 1.44 0.6 0.99 1.5 0.99
5 0.006 1.52 0.66 0.068 1.51 0.96
6 0.0048 1.78 0.054 0.31 1.8 0.97
7 0.0285 1.78 0.92 0.061 1.7 0.99
8 0.0049 1.96 0.34 0.058 1.86 0.96
9 0.0107 2.03 0.12 0.044 2.4 0.98
10 0.0069 2.36 0.07 2.8 1.9 0.97
11 0.006 2.44 0.18 1.26 2.39 0.99
12 0.0106 2.93 0.75 0.14 2.61 0.99
16 0.0181 3.0 0.84 0.0048 3.01 0.90
20 0.0049 3.22 0.096 0.072 3.27 0.99
24 0.0216 3.44 0.88 0.037 3.55 0.99
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Figure 7. Concentration of active sites (mean ± standard error) by week of biofilm development,
basic active sites (BAS) and acid active sites (AAS). Control concentration at 0.147 and
0.087 meq/g, respectively.

On the other hand, there is a clear difference between the spectra of free-biofilm tezontle and those
of tezontle with biofilm growth, in the sense that the first one does not present the aforementioned
bands that showed a noticeable evolution in the FTIR spectra along the time of experimentation.

Figure 8. Infrared spectra of tezontle PS1 with biofilm development by month and clean tezontle (CT).

Finally, the FE-SEM micrographs revealed the presence of bridge-shape structures on the tezontle
surface, which have been reported as a common physical structure of biofilms whose number usually
increases through the time [47]. A comparison between free-biofilm tezontle and tezontle with two
different periods of biofilm development (4 and 24 weeks) shows the highest density of biomass after
24 weeks (Figure 9).
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Figure 9. FE-SEM images of tezontle, (a) clean tezontle; (b) tezontle after 4 weeks of exposition to
wastewater; and, (c) tezontle after 24 weeks of exposition to wastewater.

4. Conclusions

Tezontle, a common porous-filter medium for CWs in Mexico, was found to have some capacity
for CBZ chemisorption through the presence of both AAS and BAS. This capacity was modified with
biofilm formation; after an initial decrease in tezontle capacity, chemisorption took place through the
EPS released by microbial consortia, which generated BAS (Lewis sites located at the π electron-rich
regions). An increase in the adsorption capacity of tezontle with biofilm was obtained along the
period of experimentation, with a tendency to possibly reach and maybe surpass the capacity of
clean tezontle. These results confirm the essential role that filter media used in CWs might play for
pharmaceutical removal.
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Abstract: Anaerobic digesters generate effluent containing about 3000 mg L−1 of organic matter
in terms of chemical oxygen demand (COD). This effluent must be treated before being reused or
discharged into the environment. The objective of this study was to evaluate the efficiency of a
trickling filter packed with red volcanic rock for the treatment of anaerobic digester effluent with
COD concentrations of around 3000 mg L−1. The trickling filter consisted of an aluminum cylinder,
2 mm thick, 3 m high, and 1 m in diameter. To evaluate the efficiency of the treatment system, there
were three experimental runs, each lasting 20 days (d). The predictor variable was the initial COD
concentration, which ranged from 2002 to 3074 mg L−1. The hydraulic retention time was 9 h. The
influent flow was 2.2 L min−1, which amounts to a hydraulic load of 4033 m3 m−2 day−1 and an
organic load of 0.006342 to 0.009738 kg m−3 day−1 of COD. Independent of the initial concentration,
COD removal efficiency was very high, varying from 90 to 96%. Final effluents met all the maximum
permissible limits to be used as irrigation water, as well as for its release into natural or artificial
water reservoirs, stored for agricultural crop irrigation.

Keywords: trickling filter; anaerobic digester; swine wastewater; organic matter; COD

1. Introduction

Pig farming represents the third most important livestock activity in Mexico. According to official
statistics, the national inventory of pigs is estimated at more than 15.2 million heads, ranking as
the third most important livestock animal in Mexico. Pig farming is concentrated in central and
northern Mexico, mainly in the states of Jalisco and Sonora, which accounts for almost 49% of total
production [1,2]. In these regions, pig-farming stands out not only because of its economic importance,
but also its significant impact on the environment owing to the large volumes of solid and liquid
wastes generated, altering the physical, chemical, and microbiological composition of soils and water
bodies. In the case of liquid waste, a medium-sized farm generates between 30 and 35 m−3 day−1

of sewage, which contains high concentrations of solids, organic matter, nitrogen, and phosphorous,
among other contaminants. Even with technologically advanced farms, which account for 56.9% of the
total, treatment of wastes is a low priority. The vast majority of waste matter is discharged into the
environment without any treatment and, evidently, without complying with official requirements.
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The few pig producers that treat animal wastewater use anaerobic digesters. Nationally, there
are 479 digesters registered in the states of Coahuila, Chihuahua Guanajuato, Durango, Guanajuato,
Jalisco, Michoacan, Nuevo Leon, Puebla, Queretaro, Sonora, Veracruz, and Yucatan. Of these, only
82% are in operation and most of these are characterized by problems like oversizing, failures in
the agitation systems and burners, irregular maintenance, and lack of knowledge of the operating
systems among farmers [3]. Under normal operating conditions, anaerobic systems generate effluents
containing organic matter of about 3000 mg L−1 in terms of chemical oxygen demand (COD), which
is equivalent to five times the organic matter content of domestic wastewater, highlighting the level
of contamination. Therefore, the effluent of anaerobic digesters must be treated before being reused
or discharged into the environment. In this sense, aerobic systems present an important alternative,
because they require short hydraulic retention times and do not generate bad odors, which is of
particular importance because the majority of pig farms in Mexico are located in suburban areas.

Among the aerobic systems, trickling filters stand out. This is a widely-used technology for
the treatment of industrial wastewater, which was recently adapted for the treatment of bio-waste.
In the treatment of household wastewater, efficiencies of above 90% in the reduction of organic
matter are reported, generating effluents with maximum COD concentrations of 30 mg L−1, which
complies with the quality standards for wastewater disposal. It is also reported that trickling filters
can reduce dissolved organic nitrogen by up to 72%, resulting in effluents with less than 1.8 mg L−1

of biodegradable dissolved nitrogen [4]. In the case of a dairy processing plant, an efficiency rate
of 96% in COD removal was obtained, with a hydraulic retention time of 7 h and an organic matter
concentration in the influent of about 1700 mg L−1 COD [5]. In the same study, an efficiency of over
70% was reported in the removal of total nitrogen. Dairy wastewater has been successfully treated
with organic loads up to 2700 mg L−1 COD and hydraulic retention times of 5 to 7 h. The main factors
that limit the ability of trickling filter denitrification are excessive organic loads and the emergence
of large populations of aquatic snails [6]. The key factors in the functioning of trickling filters are the
hydraulic retention time, the concentration and type of organic matter in the influent, and the porosity
and size of the particles that constitute the support material in which the degrading microorganisms of
organic matter contaminants develop [7,8].

There is little information about trickling filters for treating wastewater from pig farms. In a
work similar to ours, Szogi et al. [9] obtained a 54% reduction in the COD content in an anaerobic
lagoon in which the initial concentration was 869 mg L−1. Morton and Auvermann [10] also assessed
the treatment of effluent from a lagoon storing wastewater from a pig farm, and reported very low
removal efficiencies, including in some cases an increase in concentrations of COD, NH3-N, and
NO3-N. Garzon-Zuñiga et al. [11] assessed the performance of a trickling filter with initial COD
concentrations of 8668 to 19,320 mg L−1, which were reduced to 1200 to 2400 mg L−1 after 100 days
of operation. These authors indicate that the aeration rate is an important factor in the efficiency of
COD removal of trickling filters packed with organic matter. Duda and Alves de Oliveira [12] obtained
COD removal efficiencies of up to 96% using a treatment series system composed of a UASB reactor,
an anaerobic filter, and a trickling filter. In addition to the efficiency of the trickling filters, a theme that
has been amply studied is the search for the best support materials. In addition to PVC, other materials
have been assessed such as gravel [9], plastic Bioballs™ (Meyer Aquascapes, Inc., Harrison, OH,
USA), recycled soda six-pack rings [10], peat [11], bamboo rings [12], rubber, polystyrene, stone [13],
sponge [14], and cotton sticks [15].

In general terms, the main advantages of trickling filters are the simplicity of operation, low
environmental impact, low energy requirements for operation, and a very favorable cost–benefit
ratio [16,17]. However, the effectiveness of trickling filters on the treatment of anaerobic digester
effluents from pig farms is unknown. Similarly, we found no information on the use of volcanic rock
as a substitute for PVC particles (Engineering360, Tulsa, OK, USA), which is the traditional support
material used in trickling filters. The aim of this study was to evaluate the efficiency of a trickling
filter packed with red volcanic rock for the treatment of effluents with COD concentrations of about
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3000 mg L−1 from anaerobic digesters installed on pig farms. Volcanic rock is characterized by high
degrees of porosity and absorption, it is widely available and inexpensive. These characteristics result
in volcanic rock having great potential for use in trickling filters. Potential users of the information
reported are pig producers, professional service providers of technical assistance, and government
agencies related to this subsector of production.

2. Materials and Methods

This study was carried out on the Santa Maria pig farm, located at km 24 of San Miguel El
Alto—Atotonilco highway, in the municipality of Arandas, Jalisco. The pigs are produced for slaughter
and the farm has an inventory of 12,000 pigs. The anaerobic digester has a capacity of 9518 m3 and
generates approximately 2000 m3 of bio-gas per day. The effluent of the anaerobic digester is sent to an
artificial lagoon where it is stored and used as pasture irrigation water. The wastewater stored in the
lagoon was the influent in this study (Figure 1).

Since the effluent from the anaerobic digester had a COD concentration of approximately
7160 mg L−1, the lagoon water was diluted with well water to obtain the desired maximum COD
concentration of 3000 mg L−1, which is the average concentration of effluents from anaerobic digesters
operating under normal conditions. The wastewater from the lagoon was pumped into a 10,000-liter
tank with a submersible pump. The tank was equipped with a mechanical stirrer that was activated in
accordance with the on–off cycles of the pump, which in turn were regulated with a float. The water
tank was placed on the edge of the lagoon, 4 m above the trickling filter to ensure that residual diluted
water flowed by gravity from the water tank to the trickling filter. The flow was controlled by a
rotameter with a ball valve and an operating range from 0 to 7.5 liters per minute (L min−1).

Figure 1. Schematic representation of the wastewater treatment system. (1) Pump; (2) Dilution tank;
(3) Lagoon board; (4) Compressor; (5) Trickling filter; (6) Pre-clarifier; (7) Clarifier; (8) Final effluent.

The trickling filter consisted of an aluminum cylinder, 2 mm thick, 3 m high, and 1 m in diameter,
with a cylindrical aluminum lid on top held up by four metal supports on the inner side of the
trickling filter. The lid, which was placed at a height of 20 cm below the upper edge of the cylinder,
functioned as a radial distribution system of the influent. For this purpose, the lid had multiple radial
perforations, 1 cm in diameter each. The exterior edge of the lid was coated with a rubber gasket
that prevented the flow through the inner wall of the cylinder. The wastewater was directed to the
top part of the trickling filter and poured into the center of the lid. The trickling filter was filled with
spherically-shaped red volcanic rock approximately 2–4 cm in diameter, which served as support
material to the bacteria that degraded the organic matter in the wastewater under treatment (Table 1).
The working group did not assess the physical characteristics of the red volcanic rock. However, there
are several reports in this regard. Rodriguez Diaz et al. [18] reported that the volcanic rock from the
site from which the rock used in this investigation was obtained has a total porosity of 55.5% and
an aeration porosity of 40.7%. Total porosity reported in other studies range from 67 to 74.7%, with
aeration porosity levels of 39.2 to 44.4%, and a real density of 2.45 g cm−3 [19,20]. The packing depth
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was 2.80 m. The average temperature of the influent was 20.84 ◦C and the pH level was in the range
7.72 to 8.53, with an average of 8.17. A radial aeration system was installed at the bottom of the
trickling filter and connected to a compressor. Air was injected through a 1-npt spigot nozzle at a
flow rate of 10 L min−1. The dissolved oxygen (DO) content in the influent was in the range of 0.1 to
0.4 mg L−1, with an average of 0.17 mg L−1.Two 5000-liter water tanks were installed to separate the
outgoing solids, each with a sedimentation system in series consisting of a pre-clarifier and clarifier.
Both the pre-clarifier and clarifier had a purging and sewage collection system controlled by a ball
valve. The sewage was purged weekly, collecting the sediments at a rate of 20 liters per day (L day−1)
from each sedimentation tank.

Table 1. General operating conditions.

Support Material Red Volcanic Rock

Packing depth (m) 2.8
Inflow (L min−1) 2.2

Hydraulic retention time (h) 9
Hydraulic load (m−3 m−2 day−1) 4033

Air flow rate (L min−1) 10
Influent temperature (◦C) 20.84 ± 2.07 (Mean ± standard deviation)

Influent COD concentration (mg L−1) 2002–3074
Organic load (kg m−3 day−1 of COD) 0.006342–0.009738

Influent total N concentration (mg L−1) 138.75–151.33
Influent NH3-N concentration (mg L−1) 65.70–71.22
Influent total P concentration (mg L−1) 65.00–78.0
Influent EC concentration (mS cm−1) 1.24–1.75

Influent pH (dimensionless) 7.72–8.53
Influent DO concentration (mg L−1) 0.1–0.4

To evaluate the efficiency of the treatment system, an experiment was run for 60 days. A 20-d
experimental adaptation was carried out previously, in which the trickling filter was inoculated with
activated sludge from a suspended growth process wastewater treatment plant. The predictor variable
was the COD concentration in the influent, which ranged from 2002 to 3074 mg L−1. The hydraulic
retention time for all experimental runs was 9 h. The influent flow was at 2.2 L min−1, which resulted
in a hydraulic load of 4033 m−3 m−2 day−1 and an organic load of 0.006342 to 0.009738 kg m−3 day−1

of COD, representing concentrations of 2002 and 3074 mg L−1, respectively. The 12 samples of
influent and effluent collected during the experimental run were analyzed measuring the following
variables: COD, total nitrogen, total ammonia nitrogen, total phosphorus, electrical conductivity,
and dissolved oxygen. COD was quantified by an oxidation potassium dichromate technique, using a
digester and a colorimeter Hach, model 800. Total nitrogen was analyzed by the persulfate digestion
method. To determine the concentration of ammonia nitrogen, a salicylate method was applied.
Total phosphorous was determined using a molybdovanadate method with acid persulfate digestion.
Electrical conductivity was measured with a MW 801 Milwaukee sensor. Dissolved oxygen was
determined in the field, using a potentiometer JPB, model 607A. The paired difference test was applied
to compare the means of influents and effluents, using a significance level of 0.01 (α = 0.01).

3. Results

There were significant differences between the means of influents and effluents for COD and the
other parameters (p < 0.01). Table 2 shows the results of COD removal from the trickling filter. As can
be seen, the COD concentration in the influent ranged from 2002 to 3074 mg L−1. Independent of
the initial concentration, the removal efficiency was very high, varying from 90 to more than 96%,
with an average of 93%. The average COD in the effluent was 172 mg L−1, which is considered an
acceptable quality level for wastewater used for the irrigation of pastures and for its disposal in water
bodies. In this context, the legal standard indicates that the organic matter content, expressed in terms
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of biochemical oxygen demand (BOD5), should not exceed the maximum allowed limit of 200 mg L−1,
applicable to wastewater released into rivers whose water is used for agricultural irrigation [21]. There
is no maximum permissible limit for COD in Mexico. However, given that BOD5 is equivalent to
1.6 times the organic matter content expressed by COD [22], the organic matter concentration of the
effluent complied with the Mexican standards. International standards are stricter than those in Mexico.
For example, the maximum permissible limit for using wastewater in agriculture is 60 mg L−1 in
France and 100 mg L−1 in Italy [23]. Likewise, the COD levels obtained in this research were above
the standard for wastewater reuse in the Middle East, with 100 mg L−1 in Jordan and Kuwait, and
150 mg L−1 in Oman [24].

Table 2. Efficiency of a trickling filter in removing COD from the effluent of an anaerobic digester.

Date COD in the Influent (mg L−1) COD in the Effluent (mg L−1) Removal Efficiency (%)

2 June 2014 2100 198 90.6
7 June 2014 2002 200 90.0
12 June 2014 2678 183 93.2
17 June 2014 2560 163 93.6
22 June 2014 2484 165 93.4
27 June 2014 2522 140 94.4
2 July 2014 2410 140 94.2
7 July 2014 2216 162 92.7
12 July 2014 3054 117 96.2
17 July 2014 3006 196 93.5
22 July 2014 3010 201 93.3
27 July 2014 3074 203 93.4

Means 2593 a 172 b 93

Notes: a,b: different letters indicate significant differences (p < 0.01) between influent and effluent means.

Table 3 shows the results for total nitrogen removal. The average nitrogen concentration was
145 mg L−1 in the influent and 75 mg L−1 in the effluent, so the average removal rate was 48%.
The final concentration of nitrogen exceeded the maximum permissible limit (60 mg L−1) for release
into rivers [21]. Thus, using this water for irrigation helps to reduce the nitrogen concentration before
the water reaches rivers and natural or artificial water reservoirs. With additional treatment, the
effluent from the system could meet more stringent standards for the water to be used for washing
pens on farms.

Table 3. Efficiency of a trickling filter in removing total nitrogen from an anaerobic digester effluent.

Date Total-N in the Influent (mg L−1) Total-N in the Effluent (mg L−1) Removal Efficiency (%)

2 June 2014 145.22 78.00 46.3
7 June 2014 142.01 79.00 44.4
12 June 2014 138.75 69.00 50.3
17 June 2014 140.22 65.00 53.6
22 June 2014 151.33 88.00 41.8
27 June 2014 149.20 76.50 48.7
2 July 2014 147.10 82.30 44.1
7 July 2014 145.30 81.78 43.7

12 July 2014 146.77 68.02 53.7
17 July 2014 142.12 65.12 54.2
22 July 2014 142.20 71.02 50.1
27 July 2014 151.10 81.22 46.2

Means 145 a 75 b 48

Notes: a,b: different letters indicate significant differences (p < 0.01) between influent and effluent means.

Table 4 shows the results for ammonia nitrogen removal. The concentration of ammonia
nitrogen in the influent ranged between 66 and 71 mg L−1. After treatment in the trickling filter,
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the concentration of ammonia nitrogen decreased by almost 99%, leaving an average residual
concentration of 2.4 mg L−1, which was low enough to even meet drinking water standards.

Table 4. Efficiency of a trickling filter in removing ammonia nitrogen from an anaerobic
digester effluent.

Date NH3-N in the Influent (mg L−1) NH3-N in the Effluent (mg L−1) Removal Efficiency (%)

2 June 2014 66.32 4.50 93.2
7 June 2014 65.70 2.00 97.0
12 June 2014 72.80 5.10 93.0
17 June 2014 70.12 1.30 98.1
22 June 2014 71.00 4.00 94.4
27 June 2014 68.75 3.50 94.9
2 July 2014 69.00 1.25 98.2
7 July 2014 71.22 1.00 98.6

12 July 2014 68.50 2.30 96.6
17 July 2014 71.00 2.20 96.9
22 July 2014 69.25 1.00 98.6
27 July 2014 70.00 0.98 98.6

Means. 69 a 2.4 b 98

Notes: a,b: different letters indicate significant differences (p < 0.01) between influent and effluent means.

Table 5 shows the results of the removal of total phosphorous. As can be seen, the efficiency of
phosphorous removal was between 43 and 68%, starting from around 70 mg L−1 and resulting in an
average of 29 mg L−1 in the effluent. This concentration was below the 30 mg L−1 maximum limit
for releasing wastewater into rivers and water reservoirs to be used in agricultural irrigation [21].
However, because the concentration of phosphorous in the effluent varied (29 ± 5.6), batch-testing for
phosphorous is needed to avoid non-compliance with regulations. Electrical conductivity decreased
through the treatment by approximately 35%, going from an initial concentration of 1.57 to a final
concentration of 1.02 mS cm−1 (Figure 2). Although there are no regulatory limits for this variable,
it is an indicator of dissolved salt content in water. According to the final concentration of electrical
conductivity, the treated water should be moderately restricted for agricultural irrigation, depending
on the tolerance of the specific crop.

Table 5. Efficiency of a trickling filter in removing total phosphorous from an anaerobic
digester effluent.

Date Total-P in the Influent (mg L−1) Total-P in the Effluent (mg L−1) Removal Efficiency (%)

2 June 2014 69.57 34.28 50.7
7 June 2014 69.53 39.13 43.7
12 June 2014 78.00 38.45 50.7
17 June 2014 67.90 26.90 60.4
22 June 2014 70.22 25.50 63.7
27 June 2014 68.90 29.50 57.2
2 July 2014 66.50 28.20 57.6
7 July 2014 65.00 21.00 67.7

12 July 2014 70.22 23.40 66.7
17 July 2014 69.45 28.90 58.4
22 July 2014 70.31 31.60 55.1
27 July 2014 71.70 26.50 63.0

Means 70 a 29 b 58

Notes: a,b: different letters indicate significant differences (p < 0.01) between influent and effluent means.
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Figure 2. Efficiency of a trickling filter in removing electrical conductivity from an anaerobic
digester effluent.

Figure 3 shows the changes in the dissolved oxygen concentration, which increased from
0.2 mg L−1 to an average of 3.1 mg L−1. This variable is an indicator of water quality for the wellbeing
of different aquatic organisms. Concentrations below 3 mg L−1 reduce the chances of survival of
biotic communities and represent an imminent threat to the conservation of biodiversity in aquatic
ecosystems [25]. Dissolved oxygen is also important for the efficient operation of the trickling filter,
in which the bacteria aerobically degrades the organic matter in the wastewater under treatment [8].
The lower limit for the development of aerobic biofilms is around 0.57 mg L−1, so that the oxygen
concentration obtained in this study guarantees the adequate functioning of the treatment system.

 
Figure 3. Efficiency of a trickling filter in increasing dissolved oxygen in wastewater from an
anaerobic effluent.

4. Discussion

The efficiency of COD removal in this study was 90 to 96%, which exceeds the levels obtained
in other studies. Reyes-Lara and Reyes-Mazzoco [26] evaluated a trickling filter with organic
feed concentrations from 2114.8 to 3814.4 mg L−1 COD and reported removal rates of 54 to 66%.
Braulio-Villalobos et al. [27] obtained a 72% organic matter removal rate from an influent with
300 mg L−1 COD. Gilbert et al. [28] also evaluated a trickling filter for treating wastewater from
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pig farms and observed a higher level of efficiency than that obtained in the present study, reducing
COD content from 15,300 mg L−1 in the influent to 330 mg L−1 in the effluent. However, their
trickling filter operated with a hydraulic load of 0.017 m3 m−2 day−1, which was much lower than
the 4033 m3 m−2 day−1 in our study. Similarly, Buelna et al. [29] obtained efficiencies in the removal
of organic matter of up to 95% in a trickling filter designed for the treatment of 12 m3 day−1 of pig
wastewater with 10,000 to 20,000 mg L−1 BOD5. According to the volume of the filter and the influent
flow, the retention time was much longer in that study than in ours. Beyenal and Lewandowski [30]
stated that the capacity of trickling filters to remove organic matter depends on the diffusion in the
biofilm, which is directly proportional to the organic load, if there is no another limiting factor, such as
oxygen availability. In this respect, Reyes-Lara and Reyes-Mazzoco [26] found that with low organic
matter concentrations, similar to the levels evaluated in our study, the substrate may be the limiting
reactant and not the available oxygen. The porosity of materials like red volcanic rock provides a
larger surface area for adhesion of biofilms than commonly used particles [31]. This allows for the
majority of particles to be coated with the biofilm in a maximum of three weeks, which results in
a stable operational state within this period [32]. This was evident in our work in which, from the
first day of operation, COD was reduced by 90.6%, going from an initial concentration of 2100 to a
final concentration of 198 mg L−1. According to Metcalf and Eddy [22], a steady operating state in
trickling filters is usually reached in about four weeks of continuous operation, although other authors
have observed that the steady state for COD removal can occur anywhere from three days to seven
weeks [33,34]. Naz et al. evaluated different media in a trickling filter, and observed that the highest
COD removal efficiency was obtained by stone (93.4%), outperforming plastic (89.4%), polystyrene
(86.3%), and rubber (81.9%) [13].

It is difficult to compare our results to those of other studies in terms of nitrogen removal efficiency
because of the differences in operating conditions. Gilbert et al. [28] obtained a removal efficiency
of 75% for total nitrogen when treating pig wastewater with concentrations of 3200 mg L−1, but
with a very low hydraulic load. This study involved lower retention times and a lower nitrogen
load (0.067 kg m−2 day−1) than those of our study (0.559 kg m−2 day−1). Buelna et al. [29] obtained
a nitrogen removal rate of 26% in the treatment of swine wastewater, with a total nitrogen load of
2300 mg L−1, and a very low hydraulic load (0.017 m−3 m−2 day−1). Garzon Zuñiga et al. [11] reported
an efficiency of 50% in the removal of total nitrogen content in swine wastewater with 2080 mg L−1 of
nitrogen and a very low hydraulic load (0.5 m−3 m−2 day−1). The main factors that limit the capacity of
trickling filters for denitrification are excessive organic loads and the development of high populations
of aquatic snails [6]. The efficiency of ammonia nitrogen removal in our study was very high (98%)
but its concentration in the influent was very low (69 mg L−1), which is equivalent to a mass load of
0.278 kg m−3 day−1. Sabbah et al. [35] obtained similar results to those of the present study, reducing
the content of ammonia nitrogen by up to 95%, from an initial concentration of 77.9 mg L−1, under
a much lower hydraulic load (0.093 m−3 m−2 day−1). Hort et al. [36] were able to reduce ammonia
nitrogen content by 94%, with a mass load of NH4 of 0.0604 kg m−3 day−1. Ying-Xu et al. [37] found a
removal efficiency of 95–99% of ammonia nitrogen, with a very high concentration of ammonia in the
influent (110 mg m−3), but with a load rate similar to that in this research (0.243 kg m−3 day−1).

We found few studies on the performance of trickling filters with respect to the removal of total
phosphorus and the changes in electrical conductivity and dissolved oxygen. Buelna et al. [29] reported
an efficiency of phosphorus removal of 71% from an influent with a concentration of 180 mg L−1

and a very low hydraulic load (0.017 m−3 m−2 day−1). Garzon-Zùñiga et al. [11] evaluated various
aeration rates, and observed effluents with dissolved oxygen contents from 7 to 8.5 mg L−1, from an
influent with 0.05 mg L−1. No reports were found regarding changes of electrical conductivity in
treated swine wastewater with trickling filters. Katukiza et al. [38] attributed the removal of dissolved
nitrogen and phosphorous mainly to precipitation. In addition, adsorption and ionic exchange have
been found to contribute to the removal of phosphates from wastewater [39]. However, the removal of
dissolved nitrogen and phosphorus by adsorption is limited when the pH of the influent is above 7 [40].
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In the present study, the pH of the influent ranged from 7.72 to 8.53. In addition, particulate nitrogen
can be removed by straining during the trickling filter operation [38]. The physical and chemical
adsorption of NH4 in organic matter, and hence, its microbial assimilation, could be responsible for
the removal of significant amounts of N from wastewater [40]. However, this could be supported by
significant levels of nitrifying and denitrifying activity. Interestingly, Patel et al. [31] observed nitrifiers
and denitrifiers in both anoxic and aerobic biofilms, which suggests a highly complex structure of
multispecies biofilm. Although the existence of denitrifiers in the aerobic layer can be attributed to
limited oxygen diffusion in the biofilm, the emergence of nitrifying bacteria in the anoxic bed was
surprising. To make the results more complex, higher levels of phosphorus assimilating bacteria have
been reported in the anoxic than in the aerobic biofilm [31]. Since there have been few studies on
nitrogen and phosphorus removal mechanisms in volcanic rock biofilms, it is difficult to identify the
factors that determined the high removal efficiency obtained in the present research. It was probably a
combination of factors like precipitation, adsorption, straining, microbial denitrifying, and denitrifying
transformation of nitrogen.

5. Conclusions

The trickling filter packed with red volcanic rock proved to be highly efficient in treating
anaerobic digester effluent with COD concentrations of around 3000 mg L−1. Final effluents met
all the specifications in terms of maximum permissible limits for their use as irrigation water, as well
as for their release into rivers and natural or artificial reservoirs that store water for agricultural
crop irrigation. A nine-hour hydraulic retention time was used in the present research. It is highly
recommended to evaluate shorter retention times in future studies.
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Abstract: A hybrid constructed wetland mesocosm has been used for the treatment of raw urban
wastewater. The first stage was a mulch-based, subsurface, horizontal flow constructed wetland
(HF). The HF achieved good removals of COD (61%; 54 g/m2·day) and Total Suspended Solids
(84%; 29 g/m2·day). The second stage was composed of vertical flow constructed wetlands
(VF) that were employed to study the effect of substrate (gravel vs. mulch), feeding mode
(continuous vs. intermittent) and the number of stages (1 vs. 2) on performance. High hydraulic and
organic surface loadings (513–583 L/m2·day and 103–118 g/m2·day of COD) were applied to the
reactors. The mulch was more efficient than gravel for all the parameters analyzed. The continuous
feeding allowed a 3 to 6-fold reduction of the surface area required.

Keywords: forest waste; palm mulch; constructed wetlands; vertical flow

1. Introduction

The supply of water has always been a matter of great concern for the inhabitants of the Canary
Islands (Spain), particularly in the second half of the 20th century when a remarkable increment of
the population coincided with a strong decreasing trend in precipitation [1]. Additionally, the steep
orography with altitudes up to 3700 m and the presence of many disseminated small communities,
reinforce the idea of the adequacy of non-conventional or decentralized systems for wastewater
treatment and reuse on the islands [2].

In the last decades constructed wetlands (CWs) have gained increasing popularity for wastewater
treatment in small communities. CWs are easily designed and constructed, and maintenance is simple
and economic as it does not require highly skilled personnel or expensive machinery. The cost of
domestic wastewater treatment with CWs varies with land price but it can be about 2–3 times lower
than that of conventional treatment processes [3]. Besides being highly efficient and robust, CWs also
add aesthetic, ecological and cultural values [4]. Life cycle comparisons of CWs vs. activated sludge
technology have shown that the former emit less greenhouse gases and cause less environmental
impact [5]. However, two important disadvantages of CWs can limit their implantation: the large
surface area required and in the case of subsurface flow CWs, the clogging of the substrate [6].

Vertical flow CWs (VFs) require less surface area than horizontal flow CWs (HFs) because of
the higher substrate aeration efficiency of the former [7]. Consequently, the applicability of VFs or
hybrid systems including VFs is expected to be higher in places where the land is costly or scarce,
or if the reclaimed water is intended to be used in irrigation, since water loss by evapotranspiration
and the consequent salinity increment will be lower. This is the situation in many regions with
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Mediterranean-like weather like the Canary Islands [8–10]. An example of a remarkably efficient VF,
capable of treating raw domestic wastewater without primary settling is the so-called “French system”.
The classical design consists of two stages of unsaturated VFs in series with feeding/rest periods of 1 or
2 weeks [11]. Besides, the environmental impact of VFs is smaller than that of HFs because the former
emit fewer greenhouse gases during wastewater treatment and have lower construction requirements.
The construction impacts could be significantly reduced by using local materials so that transportation
of the wetland substrate would be minimized [5,12]. Nevertheless, VFs can become clogged more
easily than HFs because of the use of substrates with smaller particle size [6,13]. Consequently, it has
been suggested that in hybrid CWs, the HF should be the first stage and VFs the second one [8].

Gravel is the conventional substrate of CWs. This mineral material supports the attached-growth
biomass and plants but has a low capacity for sorption and precipitation [14]. Hence, other materials
such as rice husk [15] and peat/crushed pine bark [16] have been successfully tested. Organic substrates
have also been used as electron donors for sulfate reducers in passive remediation systems for the
treatment of acid mine drainage [17]. Another remarkable application of organic substrates is the
treatment of low C/N wastewater as extra carbon is needed to enhance denitrification efficiency [18].
Agricultural and forest organic wastes can be good substrates of CWs. This practice can have
several environmental and economic advantages compared with mineral substrates (gravel and
sand) by: (i) providing a viable solution to reduce waste materials in a cheap and eco-friendly way,
(ii) adding economic value to the waste, (iii) reducing the impact of CWs construction as a renewable,
locally abundant material would be used. Additionally, these materials offer an interesting advantage,
which is their capacity to work as low cost bio-sorbents [19,20]. Ribé et al. [21] observed that pine bark
was able to efficiently remove heavy metals from landfill leachates. Gao et al. [22] studied a 600 m2 VF
and with a substrate that contained about 37% organic matter including wood turf, organic compost,
activated sludge and pine bark. The authors claimed that the substrate had good porosity to prevent
clogging which is a fatal threat for the subsurface-flow CW.

The Canarian palm tree (Phoenix canariensis) is native to the Canary Islands and has been
introduced throughout the world as an ornamental plant. The plant shows good resistance to hot and
dry environments and adapts well to drought [23]. Its stipe can reach 20 m in height and 30–40 cm
in diameter. The pinnate leaves are 5–6 m in length. Thus, taking into account that palm mulch is an
abundant, cheap, renewable material, the main goals of this research were:

- To check the performance of a mulch-based HF as the first stage of a hybrid CW after 3 years
in operation.

- Regarding the second stage VF:

� To compare gravel with mulch as substrates for VFs.
� To compare the continuous feeding mode with intermittent feeding mode.
� To determine the number of VFs in series to meet the European legal limits for

effluent discharge regarding TSS (35 mg/L) and organic matter (BOD: 25 mg/L, COD:
125 mg/L) [24].

2. Materials and Methods

The influent, raw wastewater from the Campus of the University of Las Palmas de Gran Canaria
(Canary Islands, Spain) was collected from a 17-m3 tank with a timer-controlled, triturating pump
located at the bottom of the tank. The pump-timer was programmed to function every 2 h (12 times a
day) for 1 min. Daily inflows to the primary CWs were determined by measuring the influent volume
with graduated recipients.

2.1. Constructed Wetland (CW) Mesocosms

The first stage HF (Figure 1) was built with three 265-L polypropylene recipients (length: 125 cm,
height: 57 cm, width: 56 cm, surface area: 0.7 m2, Prograrden, Italy). The three recipients contained
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only palm mulch as substrate and were planted with common reed and papyrus. The HF has been in
operation since September 2011 [25]. The surface area of this CW was 2.1 m2.

Figure 1. Layout of the hybrid CW: the mulch-based, horizontal flow (HF) and VFs with gravel
(VFgravel) and mulch (VFmulch).

The HF1 effluent was collected in a recipient from which it was pumped into two lab-scale
VFs containing only gravel (VFgravel) and only palm mulch (VFmulch). The gravel was basaltic
with 49% porosity and average diameter of 6.5 mm. Both reactors were composed of two plastic,
cylindrical recipients in series, each with a height of 80 cm and a surface area of 0.1 m2. The mulch
was a heterogeneous material obtained from the trituration of dry branches of the Canarian palm tree
(Phoenix canariensis). The mulch had a porosity of 54% and a hygroscopicity of 10%. These VFs were
designed to determine the effect of the influent feeding mode (continuous vs. pulse) and to determine
the number of VFs in series to meet the European legal limits for the discharge of treated wastewater
into the environment. These reactors were in operation between July and December 2013 and between
February and July 2014.

All the reactors were placed outdoors at the Campus of Tafira, Gran Canaria, Canary Islands,
Spain (latitude: 28◦4′ North, longitude: 15◦27′ West). The height above the sea level is
305.5 m. The climate is spring-like the year round because of the influence of the trade winds.
The average summer temperatures are mild (22 ◦C) and not very different from those of the winter
(13 ◦C minimum). Rainfall is extremely scarce with annual averages ranging between 150 and
200 mm [26]. Evapo-transpiration is about 65% of the average annual rainfall [10].

2.2. Water Analysis

Water quality parameters were measured in unfiltered, homogenized samples as described by
standard methods [27]. Hence, total BOD5 and COD were measured. BOD5 (henceforth BOD) can
include nitrification as no inhibitor was added. NH4

+, and Na+ ions were determined with selective
electrodes from Crison (Barcelona, Spain). PO4

3− ions were dissolved, molybdate-reactive phosphates.
Permanent hardness (Ca2+ + Mg2+) was determined by the EDTA titrimetric method. The concentration
of fecal coliforms (FC) was determined by the membrane filter method and incubation at 44 ◦C for
24 h with the Chapmann-TTC agar medium.

2.3. Statistics

The statistics applied in this study have been described in detail in [25]. In brief, average values
of concentrations, surface loadings and removals were compared by means of the Anova if the data
were homocedastic (Bartlett test) and normally distributed (Shapiro-Wilk test). If these conditions
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were not met the Kruskal-Wallis non parametric test was used. In all cases a significance level of 95%
(p-value > 0.05) was used. Correlation between variables was tested with Pearson and Spearman tests
with the same significance level.

3. Results and Discussion

3.1. Characteristics of the Influent

The influent was raw wastewater from the Campus and included those from cafeterias,
laboratories and toilets. The influent was collected from a 17-m3 tank with a timer-controlled triturating
pump placed at the bottom of the tank. The pump timer was programmed to function every day for
1 min every 2 h during all the experimental period. Table 1 shows the features of the influent during
the experimental time. According to the concentrations of organic matter, solids and ammonia the
influent can be considered a medium to strong urban wastewater. Additionally, the high variability
shown by the standard deviation values can be influenced by the daily operations within the Campus.

Table 1. Characteristics of the wastewater used in this work. Average concentrations ± standard
deviation and number of data (n) between January 2013 and July 2014.

Parameter Value Units

BOD5 444 ± 131, n: 59 mg/L of O2
COD 552± 162, n: 71 mg/L of O2
TSS 252 ± 133, n: 64 mg/L

Turbidity 209 ± 97, n: 82 NTU
NH4

+ 68 ± 21, n: 60 mg/L
PO4

3− 34 ± 8, n: 18 mg/L
FC 1.91 (±1.48) × 107, n: 15 CFU/100 mL

Na+ 155 ± 40, n: 10 mg/L
pH 6.93 ± 0.27, n: 29 pH units

Electrical conductivity 1665 ± 590, n: 29 mS/cm
Permanent hardness (Ca2+ + Mg2+) 1.91 ± 0.22, n: 10 meq/L

3.2. Performance of the First Stage HF

A mulch-based HF can provide remarkable results in the treatment of urban wastewaters with no
evident clogging symptoms even at high surface loading rates (LRs) [25]. However, to our knowledge
no research has been devoted to determine performance of mulch-based CWs in the long term. HF has
been in operation with different configurations since September 2011. Hence, one of the goals of this
study was to determine HF performance and clogging after 3 years. The results considered in this
study comprise those obtained between January 2013 and July 2014. Table 2 shows the average LRs
(±standard deviation) and removals obtained by the HF.

Table 2. Average LRs and removals (±standard deviation) of the HF.

Parameter LR Removal, %

HLR, L/m2·day 146 ± 52 -
BOD, g/m2·day 64 ± 23 68 ± 19
COD, g/m2·day 88 ± 38 61 ± 14
TSS, g/m2·day 35 ± 39 84 ± 8

Turbidity, NTUxL/m2·day 65 ± 22 77 ± 12
NH4

+, g/m2·day 9 ± 3 −21 ± 25
PO4

3-, g/m2·day 4 ± 1 −11 ± 19
Fecal coliforms, CFU/m2·day 2.6 (±2.3) × 1010 75 ± 24
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As can be observed on Table 2, removals of TSS (84%) and turbidity (78%) were quite good.
TSS are the main cause of clogging in CWs [6]. Thus, it is important to achieve high TSS removal if the
following treatment stage in the hybrid CW is a VF.

COD removal (61%, 54 g/m2·day) was better than those achieved by conventional HFs and VFs,
that range between 10 [28] and 20 g/m2·day [29]. Greater performances have been obtained with
non-conventional CWs such as intermittently aerated VFs (57 g/m2·day) [30] and tidal flow CWs
(62 g/m2·day) [31] but these reactors require more energy input and/or device implementation.

Ammonia can be removed from CW water by different mechanisms that include volatilization,
nitrification or plant uptake [14]. In the present study the average influent concentration of
ammonia was 68 mg/L. The ion concentration was increased by 21%. Such increment can be
caused by ammonification, i.e., the release of ammonia from organic N, in addition to the lack of
enough dissolved oxygen for nitrification. Ammonification process is faster than nitrification [32].
Ammonification occurs in aerobic, facultative and anaerobic conditions but reaction becomes slower
with reduced concentrations of dissolved oxygen [14].

No phosphate removal was achieved by HF (−11%). In fact, the increment observed could
be caused by desorption from the mulch or by mineralization of organic phosphorus. In this case,
phosphate desorption from the substrate is not likely as it has been in operation for 3 years. Figure 2
illustrates the concentrations of TSS, COD, turbidity and fecal coliforms in the effluent of HF vs. LR.

(a) (b) 

(c) (d) 

Figure 2. Concentration of (a) TSS, (b) COD, (c) turbidity and (d) fecal coliforms in the effluent of HF
vs. LR. Values of R2 and Spearman correlation coefficient are provided.

Although R2 values were not particularly high, the best correlations between LRs and effluent
concentrations were logarithmic for TSS, COD and turbidity (Figure 2). This results shows that the
effluent concentrations were increased with LRs until an upper limit. At higher LR values, the effluent
concentrations were independent of LRs. In the case of fecal coliforms, the best correlation was
exponential, indicating the low robustness of HF regarding the removal of this parameter. In fact,
the average removal of coliforms was relatively poor (75%, Table 2).
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According to the results obtained in this study (Figure 2), the design guidelines for a mulch-based
HF used as a first stage of a hybrid CW, would be 15–30 g/m2·day for TSS and 40–60 g/m2·day for
COD. These guidelines can be considered conservative as correspond to the lowest LRs used in these
experiments. During this 3-year study, mulch (about 10%) has been added to the reactors in several
occasions because of degradation, however no clogging symptoms have been observed. This can be
explained by the good porosity of the mulch, the presence of the plants, and the rest periods imposed
by the low activity in the Campus during the students’ holydays (Christmas, Easter and summer).
During these rest periods, the fragmentation and degradation of the deposited organic solids should
be accomplished. Paing et al. claimed that rest periods seem to be indispensable to achieve their
remarkable performance and to delaying clogging in French VFs [11].

3.3. Second Hybrid CW Stage: the VFs

Mulch was compared with gravel as substrates of secondary VFs by determining the effect of
the influent feeding mode (pulse versus continuous) and the effect of the number of VFs (1 or 2) on
performance. The European legal limits for the discharge of treated wastewater into the environment
regarding organic matter (COD: 125 mg/L, BOD: 25 mg/L) and TSS (35 mg/L) were taken as reference.

3.3.1. Effect of the Number of VFs

These experiments were performed between July and November 2013. During this period the
reactors were fed continuously with a peristaltic pump with HF1 effluent (Figure 1). Samples were
taken in the influent, effluent of the first VFs with gravel (VFgravel1) and mulch (VFmulch1) and in the
effluents of the second VFs with gravel (VFgravel2) and mulch (VFmulch2). The HLR of the VFgravel
(558 ± 213) L/m2·day was similar to that of the VFmulch (556 ± 216) L/m2·day. Note that these HLR
are remarkably higher than those used in French VFs (median HLR: 60 L/m2·day) and German VFs
(median HLR: 300 L/m2·day) [6]. Moreover, in this study all the LR of the VFgravel were similar to
those of the VFmulch (p > 0.2). Table 3 summarizes the results obtained.

Table 3. Average concentrations (± standard deviation) of COD, BOD, TSS, turbidity and ammonia in
the influent and the effluents of the first VFs (VFgravel1 and VFmulch1) and second VFs (VFgravel2
and VFmulch2). The number of data of each sample is 12.

Parameter Influent VFgravel1 VFgravel2 VFmulch1 VFmulch2

COD, mg/L 214 (±48) 153 (±46) 113 (±28) 128 (±30) 99 (±32)
BOD, mg/L 170 (±53) 80 (±22) 33 (±8) 59 (±25) 17 (±15)
TSS, mg/L 34 (±22) 9 (±3) - 4 (±1) -

Turbidity, NTU 23 (±8) 13 (±1) 4.5 (±2.7) 3.1 (±1.2) 1.3 (±0.5)
NH4

+, mg/L 76 (±19) 40 (±11) 20 (±6) 35 (±20) 13 (±11)

The LR of COD for VFgravel (103 ± 45 g/m2·day) and VFmulch (118 ± 45 g/m2·day) were
statistically similar. However, the COD concentration of VFgravel1 (153 mg/L) is relatively far
from the reference given by the European legislation (125 mg/L) while that of VFmuclh1 was closer
(128 mg/L). Nonetheless, there is no significant difference regarding COD effluent concentrations and
removals between VFgravel1 and VFmulch1. The effluents of both the second VFs met the COD legal
limit, with the VFmulch providing a slightly lower value (VFgravel2: 113 mg/L, VFmulch2: 99 mg/L,
Table 3). The presence of the second VFs significantly improved COD removals in both reactors.

The LR of BOD (VFgravel: 82 g/m2·day, VFmulch: 104 g/m2·day) were also statistically similar.
The average concentrations of BOD in the effluents of VFgravel1 (80 mg/L) and VFmulch1 (59 mg/L,
Table 3) were also similar (p = 0.0787) and above the reference value of 25 mg/L. Nonetheless,
BOD concentrations were significantly reduced to 33 mg/L in VFgravel2 (p = 0.0005) and 17 mg/L in
VFmulch2 (p = 0.00027), being that of VFmulch2 significantly lower. These results indicate the positive
effect of the presence of the second VFs and the better performance of the mulch.
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Performance regarding turbidity was remarkable because the influent value (23 NTU) was reduced
to 13 NTU in VFgravel1 while in VFmulch1 the average turbidity was remarkably lower (3.1 NTU,
Table 3, p = 1.036 × 10−5). This might be caused by the notably better filtering and retention capacity
of particles and colloidal matter of the mulch in the upper part of the VF. Turbidity in VFmulch2
effluent (1.3 NTU) was also clearly lower than in VFgravel2 (3.1 NTU, p = 5.336 × 10−7) and below the
limit recommended by World Health Organization and the U.S. Environmental Protection Agency for
water intended for irrigation (2 NTU) [33]. The second VFs significantly improved turbidity removals
(VFgravel, p = 0.0011; VFmulch, p = 7.74 × 10−5).

The average concentration of TSS of the influent (34 mg/L) was reduced to 9 mg/L in VFgravel1
and to 4 mg/L in VFmulch1 (Table 3), with VFmulch1 being significantly more efficient.

The ammonia concentration of the influent (76 mg/L) was reduced to 40 mg/L in VFgravel1
and 35 mg/L in VFmulch1 (Table 3) with no significant differences between both values. However,
the concentration of ammonia in VFgravel2 (20 mg/L) was significantly greater than that of VFmulch2
(13 mg/L). Additionally, ammonia removal was significantly improved with the addition of the second
VFs (VFgravel, p = 2.75 × 10−6; VFmulch, p = 0.0012). Thus, it is possible to achieve a high enough
efficiency to meet the European legal limits with high LR by using two continuously fed, mulch-based
CW in series.

3.3.2. Effect of Influent Feeding Mode (Pulse vs. Continuous)

The conventional operation of VFs implies the pulse feeding of the influent into the reactors.
This way, flooding-drainage periods are alternated and the substrate aeration and biomass contact with
the influent are optimized. Consequently, high performance regarding organic matter, nitrification and
bacteria can be obtained [34]. Nonetheless, the continuous feeding of VFs can also provide remarkable
results [9]. Consequently, it was decided to determine the effect of the influent feeding mode on the
performance of the VFs.

The continuous feeding mode was used from July to December 2013. From February to May
2014 the feeding was made pulse and continuous again from May to July 2014. In this way,
the possible “memory effects” and that of temperature would be counteracted. The average HLR in
the continuous period, 498 (±149) L/m2·day for VFgravel and 576 (±193) L/m2·day for VFmulch,
were not statistically equal. During the pulse feeding period the HLRs of each reactor, 379 (±234)
L/m2·day and 313 (±124) L/m2·day for the VFgravel and VFmulch, respectively were not significantly
different either. The reason for such different HLRs in each period is that the influent volume required
to achieve similar HLR to those of the continuous feeding was very high. Hence, the resulting HRT and
the corresponding removals were notably low (data not shown). The results from the two continuous
periods are considered together. The number of samples was 21 for the continuous period and 17 for
the pulse feeding period. Table 4 provides the LR of both reactors and the removals achieved for each
feeding mode. Figure 3 shows the concentrations of the influent (effluent of HF1) and those of the
effluents of VFmulch2 and VFgravel2 vs. time for the continuous and pulse feeding periods.

In the case of BOD, it is not possible to compare the effect of the feeding mode because the
resulting BOD LR for each period were very different (Table 4). Nevertheless, for the continuous
feeding period the BOD LR of both reactors are comparable (VFgravel: 76 ± 48 g/m2·day,
VFmulch: 101 ± 59 g/m2·day, p = 0.1739). The same applies for the pulse feeding period (VFgravel:
22 ± 26 g/m2·day, VFmulch: 17 ± 16 g/m2·day, p = 0.729). Hence, VFmulch (91%) was statistically
better than VFgravel (78%) when the feeding was continuous (p = 0.007). This led to significantly
lower average BOD effluent concentrations in VFmulch (11 mg/L) than in VFgravel (30 mg/L) for
the continuous feeding (Table 4). During the pulse feeding VFmulch (95%) was also statistically
better than VFgravel (70%) and the resulting average BOD concentration in VFmulch (3 mg/L) was
significantly lower than that of VFgravel (14 mg/L) (Table 4). In the case of the continuous feeding of
VFmulch (average LR: 101 g/m2·day) and considering that 1 person equivalent (PE) corresponds to
60 g BOD/day, the surface area used was 0.6 m2/PE.
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(a) (b) 

(c) (d) 

(e) (f) 

(g) 

Figure 3. Values in the influent of the secondary constructed wetlands (-�-, dashed line) and effluents of
VFmulch2 (-�-, solid line) and VFgravel2 (-x-, dashed line) of: (a) BOD; (b) COD; (c) TSS; (d) turbidity;
(e) NH4

+; (f) fecal coliforms; (g) pH.
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Table 4. Average LR, concentrations in the effluent (±standard deviation) and removals (in italics) for
VFgravel2 and VFmulch2 in the continuous and pulse feeding periods.

LR *
Effl. conc.
Removal

VFgravel2 VFmulch2

Continuous Pulse Continuous Pulse

BOD
76 (±48) 22 (±26) 101 (±59) 17 (±16)
30 (±17) 14 (±14) 11 (±13) 3 (±2)

78 70 91 95

COD
118 (±44) 81 (±63) 137 (±63) 66 (±39)
106 (±34) 100 (±23) 99 (±32) 103 (±23)

54 47 57 44

TSS
25 (±15) 15 (±15) 32 (±20) 11 (±10)

6 (±4) 8 (±4) 2 (±1) 4 (±2)
84 73 93 84

Turbidity
26 (±16) 21 (±21) 32 (±21) 17 (±14)
4.1 (±2.6) 6 (±3) 1.3 (±0.5) 2 (±1)

85 85 95 92

NH4
+

39 (±16) 38 (±24) 43 (±21) 30 (±13)
36 (±22) 64 (±28) 20 (±17) 55 (±25)

53 33 73 41

PO4
3−P

6.2 (±1.96) 5.5 (±4.2) 7.2 (±2.9) 4.2 (±2.6)
10 (±3.9) 10 (±2.9) 11.7 (±5.5) 10.4 (±3.6)

15 20 −3 16

FC
5.3 (±8) × 1010 2.4 (±5) × 1010 10 (±17) × 1010 1.8 (±3) × 1010

8.4 (±13) × 104 1.8 (±1) × 105 9.7 (±16) × 104 1.1 (±1.3) × 104

98 92.6 98 98.6

Notes: * Units for removals, concentrations and LR are %, mg/L and g/m2·day, with the exception of turbidity
(NTU and NTUxL/m2·day) and fecal coliforms (CFU/100 mL and CFU/m2·day), respectively.

The average COD LR of the VFgravel during the continuous (118 g/m2·day) and pulse
(81 g/m2·day) feeding modes were significantly different. The same results were obtained in the
VFmulch. However, though the COD removals in the continuous mode seem to be greater (VFgravel:
54%, VFmulch: 57%) than those of the pulse feeding mode (VFgravel: 47%, VFmulch: 44%, Table 4),
the difference was not significant. Consequently, the COD concentrations in the effluent of both VFs
and feeding modes were similar. Thus, it can be concluded that the substrate (gravel vs. mulch)
and the feeding mode (pulse vs. continuous) did not have any remarkable effect on COD removal.
Nonetheless, most of the COD concentrations of the effluent of both VFs met the European legal limit
of 125 mg/L (Figure 3).

Although the LR of TSS of VFgravel (25 g/m2·day, Table 4) during the continuous feeding
was significantly greater than that of the pulse mode (15 g/m2·day), the removal of TSS (84%) was
better (p = 0.0002) than that of the pulse one (73%). The same results were achieved with VFmulch,
which obtained a significantly better (p = 0.0001) removal with continuous feeding (93%) than with
the pulse one (84%) in spite of the fact that the average LR of TSS in continuous (32 g/m2·day) was
significantly greater than that of the pulse period (11 g/m2·day). Consequently, the average TSS
concentration in the effluent of VFmulch when fed in continuous (2 mg/L) was statistically lower than
that of the pulse mode (4 mg/L). In the case of VFgravel, the concentration of TSS in the effluent was
lower in the continuous mode (6 mg/L) but not significantly. In conclusion, the best TSS removals
were achieved by VFmulch with the continuous feeding mode.

A similar result was obtained for turbidity. The LR of turbidity of VFgravel and VFmulch in both
feeding modes were statistically similar. VFmulch improved significantly its performance (p = 0.00036)
when fed in continuous (95%) compared with the pulse mode (92%). This was not the case for VFgravel
as removals were the same in both feeding modes (85%). Besides, turbidity removal was significantly
better with mulch independently of the feeding mode (p = 0.007). The average effluent turbidity values

175



Water 2018, 10, 39

of the VFmulch were improved (p = 8.9 × 10−5) with the continuous regime (1.3 NTU) in comparison
with the pulse one (2 NTU).

The average LR of ammonia of VFgravel and VFmulch were statistically similar in both feeding
modes (Table 4). VFgravel improved ammonia removal significantly when fed continuously (53%)
in comparison to that of the pulse feeding (33%). VFmulch also improved significantly with the
continuous feeding (73%) compared with that of pulse one (41%, p = 2.3 × 10−5). Additionally,
VFmulch was more efficient than VFgravel with both the continuous and pulse feeding modes.
Between February and July 2014, the average pH of the influent of the VFs was 7.10 (±0.12) and those
of VFgravel and VFmulch were 7.09 (±0.37) and 6.27 (±0.37), respectively. The stronger acidification
of the VFmulch effluent (Figure 3) is in agreement with its higher ammonia removal. Additionally,
during the continuous feeding of both reactors their effluent pH were lower (VFgravel: 6.91, VFmulch:
5.86) than those of the pulse feeding period (VFgravel: 7.26, VFmulch: 6.61). These results suggest that
the main ammonia removal mechanism was nitrification [35]. The efficiencies regarding COD and
NH4

+ removals of VFmulch with the continuous feeding (Table 4) are comparable to those achieved by
Zhao et al. [18] in the treatment of anaerobic digested swine wastewater with a wood-chip-framework
soil infiltrator. These authors used LR of COD and NH4

+ LR of 26–118 g/m2·day and 22–106 g/m2·day
and achieved removals of 67.5–48% and 82–78%, respectively.

Physical, chemical and biological factors are responsible for the removal of fecal bacteria and
pathogens in CWs. Physical factors include mechanical filtration, sedimentation, and sorption
to organic matter and the CW’s substrate. Chemical factors comprise oxidation and exposure
to biocides excreted by plants. Biological factors involve antimicrobial activity of root exudates,
predation, retention in biofilms, natural die-off, etc. [36]. The LR of FC of VFgravel in the
continuous mode (5.3 × 1010 CFU/m2·day, Table 4) was significantly greater than that of the pulse one
(2.4 × 1010 CFU/m2·day). The same result was obtained with VFmulch. Yet, the removals of VFmulch
in continuous and pulse feeding, and VFgravel in continuous (98.2%, 98.6% and 98%, respectively) were
similar and superior to that of conventional VFgravel in the pulse feeding period (92.6%). Note that the
lowest removal of FC coincided with those of TSS and ammonia (Table 4). This result suggests that both
the mulch and the continuous feeding improved the effect of media filtration [37] and aeration [38].
Saeed and Sun [35] also observed improved removal of FC in wood mulch in comparison with gravel
in bench-scale VFs. The authors attributed it to the effect of aerobic conditions on the promotion of the
growth of heterotrophic protozoa and E. coli cell oxidation.

Regarding phosphate-P removal the differences shown by the VFs (Table 4) are not relevant.
No significant differences were found between influent and effluent concentrations for both reactors
fed in continuous nor in pulse. Removals were not significantly different with either the continuous or
the pulse feedings. Thus, it can be concluded that the capacity of these reactors to remove dissolved
phosphate-P was nil. Similarly to other forest and agricultural waste/by-products, the low efficiency
of the palm mulch in the removal of the negatively charged phosphate ions can be attributed to the
abundant availability of negatively charged functional groups (e.g., -OH, -COOH) and the absence
of positively charged functional groups (e.g., -NH2) on its surface [20]. Nevertheless, far from
being a disadvantage the modest efficiency of CWs in the removal of N and P can be regarded
as a way to decrease the demand for expensive inorganic fertilizers in agriculture [39]. For instance,
García-Delgado et al. [40] saved considerable amounts of fertilizer (37% N, 66% P and 12% K) by
applying treated urban wastewater in pepper cultivation. In fact, wastewater effluent reuse has been
widely implemented in many countries with Israel and California (USA) leading wastewater reuse
with 65–70% of the wastewater reused in agriculture [41].

These results show that palm mulch is a better substrate than gravel for VFs and that the
continuous feeding mode can improve performance of VFs, particularly that of conventional
(gravel-based, pulse fed) ones. Note that the goal of the pulse feeding of VFs is to improve the
substrate aeration and the reactor efficiency. Nevertheless, the obtained results show that a continuous
feeding can yield better results. Thus, it seems that the continuous feeding provided enough oxygen
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to the substrate. In fact, the pulse feeding requires adding larger volumes of water in shorter time
periods to achieve the same HLR. This probably results in shorter HRTs and consequently worse
performance. The combination of HF1 with VFmulch in the continuous feeding period provided
remarkable removals of COD (82%), BOD (97%), TSS and turbidity (99%), ammonia (65%) and FC
(99.8%) and nil of phosphate (−4%).

The better efficiency of the mulch with respect to gravel can be explained by considering the
particular characteristics of the former. In this regard, one the most important features of the mulch is
its small particle size and compressibility. A smaller particle size provides longer HRT and improved
water distribution on the reactor surface, better retention of particles (TSS), micelles (turbidity) and
bacteria, including the heterotrophic bacteria responsible for the degradation of dissolved BOD,
nitrifying bacteria and fecal coliforms. In addition to this, Paing et al. indicated that the presence
of a sludge layer on the surface of French VFs improved performance [11]. In the present case,
the accumulation of sludge on the surface of VFmulch was more evident than in VFgravel. Saeed and
Sun [35] found that eucalyptus wood mulch was a better substrate than gravel for VFs as improved
removals of total nitrogen, organic matter and E. coli were obtained. The authors concluded that the
higher void volume percentage of the organic substrate provided higher oxygen transfer efficiency.
Another interesting feature of the mulch is its hygroscopicity which was determined to be about 10%
in weight. A highly hygroscopic substrate would improve plant root growth, biofilm establishment
and stability, providing longer HRT and consequently better treatment performance [42]. Moreover,
the smaller particle size and hygroscopicity of the mulch can help to better distribute the influent
inside the reactor, thus reducing the negative effects of shortcuts and preferential paths.

4. Conclusions

The first stage of a hybrid CW, a mulch-based HF, has shown a remarkable performance with no
symptoms of clogging for 3 years.

Experiments with the hybrid CW second stage, the bench-scale VFs have shown that:

- palm mulch is a better substrate than gravel for VFs,
- with two vertical VFs in series the European legal limits regarding COD, BOD and TSS can be met

even when high LR are applied,
- the continuous influent feeding mode significantly improved performance.

The high efficiency of the reactors studied makes them particularly adequate for places where
palm mulch is available, evapotranspiration is high and the reclaimed water is intended to be reused
for irrigation.
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Abstract: This paper describes the preliminary monitoring results of an onsite pilot wastewater
treatment plant consisting of a septic tank, an anaerobic up-flow filter, and a horizontal subsurface
flow wetland system planted with Agapanthus africanus. The system was designed to treat heavily
polluted domestic wastewater produced in a research and development (R&D) center, reaching
additional goals of zero energy consumption and eliminating the use of chemical additives. First water
quality data shows that organic load in the treated sewage were removed achieving more than 95%
efficiency. Nutrients were removed by almost 50%, and fecal and total coliform counts decreased by
99.96%. The results were compared to official Mexican regulations for wastewater discharged into
lakes and reservoirs complied with all of them except for nutrients. In this pilot project, the resulting
treated wastewater was directly reused for watering the green areas of the R&D center. The result was
that the excess of nutrients improved the quality of the grass, avoiding the use of synthetic fertilizers,
and created a wetland habitat for small wildlife species living in the area.

Keywords: water treatment; passive treatment systems; anaerobic processes; constructed wetlands;
ornamental plants; treated wastewater reuse

1. Introduction

Wastewater treatment approaches vary from conventional centralized systems to entirely
decentralized and clustered systems. The centralized systems, which are usually publicly owned,
collect and treat large volumes of wastewater for entire large communities, thus requiring large
pipes, major excavations, and manholes for access. While decentralized systems collect, treat,
and reuse/dispose of treated wastewater on site or near the generation point, centralized systems
often reuse/dispose of treated wastewater far from the generation point [1].

Maintenance and operation (M&O) costs associated with wastewater treatment include
labor, energy, purchase of chemicals, and equipment replacement. Conventional centralized
technologies normally require high amounts of energy due to the complexity of the processes
which combine mechanical, chemical, and biological stages to remove contaminants in the sewage.
Additionally, these systems also require further energy to treat and transport the produced biological
sludge [2].

In developing countries, the treatment of domestic, commercial, or industrial wastewaters
has become an important issue in recent years because of the increase of M&O costs involved in
conventional wastewater treatment plants (WWTP) [3,4]. Thus, several WWTP facilities in developing
countries have started to reduce their operation capacity, suspend operation, or end up being
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abandoned [4–6]. Therefore, decentralized wastewater treatment technologies based on anaerobic
processes and constructed wetlands is attracting interest as a potential solution to reduce M&O
costs [7–9].

This paper describes the performance of a functional pilot treatment process based on a combined
anaerobic process and a horizontal subsurface flow wetland planted with the ornamental plant
Agapanthus africanus, which uses zero energy consumption and no chemical additives. The treated
wastewater comes from a food research and development (R&D) center and has high contents of
organic pollutants and is rich in nitrogen because the sewages are mixed with nontoxic wastes
produced in laboratories and pilot plants. As a result, the produced wastewater could be classified as
high-strength domestic wastewater compared with common domestic wastewater according to the
literature [10].

2. Background

The strategy of treating sewage by common and known aerobic processes has been shifted back
to anaerobic processes in recent years with the advent of high rate anaerobic systems such as up-flow
anaerobic sludge blanket reactors (UASB), anaerobic contact processes, anaerobic filters (AF), or fixed
film reactors and fluidized bed reactors [11]. The high rate anaerobic processes have several advantages
such as: low capital investment, lower M&O costs, energy recovery in the form of biogas, operational
simplicity, and low production of digested sludge [11].

It is reported in warm tropical countries that, for domestic sewage, the UASB system is the best
option for biological oxygen demand (BOD) removal due to the high attainable efficiencies and that
a low BOD load, but the efficiencies of low BOD load removal could increase if the combination of
a septic tank (ST) followed by an up-flow anaerobic filter (UAF) is used, as shown in Table 1 [12].
Therefore, most of the treatment systems based on anaerobic processes and constructed wetlands
reported in the literature for warm tropical countries use the UASB as a preliminary treatment step
prior to a constructed wetland [13–15]. Nevertheless, the use of up-flow anaerobic filters (UAF) is also
widely used to treat municipal wastewater [16–19]. It was found few research works reporting use of
a coupled ST with an UAF previous to the constructed wetland to improve the performance of the
system [20,21]. Anaerobic ponds followed by constructed wetlands are also a convenient solution,
especially for developing countries, due to their cost-effectiveness and high potential of removing
different pollutants. However, these systems have to be installed far from residential areas due to the
odor release, they need a larger surface area to construct them due to the higher residence time required,
and algae could bloom in the ponds causing secondary pollution of the following stream [22–24].

Table 1. Removal efficiencies in anaerobic systems treating domestic sewage [12].

Anaerobic System Effluent BOD a (mg/L) BOD Removal Efficiency a (%)

Anaerobic pond 70–160 40–70
UASB reactor 60–120 55–75

Septic tank 80–150 35–60
Imhoff tank 80–150 35–60

Septic tank followed by anaerobic filter 40–60 75–85
a Ranges of effluent concentration and typical removal efficiencies based on Brazilian experience. Lower efficiency
limits are usually associated with poorly operated systems.

Constructed wetlands with surface flow (SF CWs), horizontal sub-surface flow (HF CWs), vertical
sub-surface flow (VF CWs), or hybrid systems have been used together with previous anaerobic
and/or aerobic systems for wastewater treatment for at least 30 years [25,26]. By far the most
frequently used plant around the globe to plant constructed wetlands with horizontal subsurface flow
is Phragmites australis (Common reed). Species of the genera Typha (latifolia, angustifolia, domingensis,
orientalis, and glauca) and Scirpus (e.g., lacustris, validus, californicus, and acutus) spp. are other
commonly used species [27]. On the other hand, in many countries, and especially in the tropics
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and subtropics, local plants including ornamental species are used for HF CWs such as Zantedeschia
aethiopica (giant white arum lily), Strelitzia reginae (crane flower, bird of paradise), Anthurium andraenum
(flamingo flower), and Agapanthus africanus (agapanthus) [27]. Based on a search of the literature and
in previous experience, it was concluded that it is possible to use ornamental plants in constructed
wetlands without reducing the efficiency of the treatment system [28–31].

In the case of pilot experiments where a UASB with HF CW systems was used, the reviewed
reports focus basically on estimating the performance of the HF CW system but water quality data of
previous steps of the process are not included [32,33]. Thus, removal efficiencies in the reviewed HF
CW systems planted with conventional or ornamental species achieves values up to 80% for COD,
BOD5, and total suspended solids (TSS) in most of the reviewed works [32,33]. The major removal
mechanism for nitrogen in HF CWs is denitrification. Removal of ammonia is limited due to lack
of oxygen in the filtration bed because of permanent waterlogged conditions [34]. The ammonia-N
removal efficiency reported in the literature achieves values up to 65% and 45% for nitrate NO3-N
removal [34,35]. Phosphorus is removed primarily by ligand exchange reactions, where phosphate
displaces water or hydroxyls from the surface of iron and aluminum hydrous oxides. Unless special
materials are used, removal of P is usually lower to 50% in HF CWs [32–35].

Regarding the operation and maintenance (O&M) costs of tertiary treatment CWs with reuse
purposes, they are lower than those of secondary treatment ones, not only because of the lower
intensity of processes (lower loading rates) but also because of certain investment returns such as plant
harvesting, aquaculture, production of ornamental plants, etc. [36].

3. Materials and Methods

The system was designed to treat wastewater from a food research and development (R&D)
public institution located in the municipality of Zapopan, in the state of Jalisco, Mexico. The design of
the present treatment system is based on experience gained in a demonstrative pilot plant installed
previously in Chapala, Jalisco, Mexico [29]. In the sewage pipes, black and gray water are mixed
together with discharges of non-hazardous liquid wastes generated in laboratories and food processing
pilot plants. Because it is a functional pilot treatment plant discharging intermittently different type of
wastes related to food industry, the content of solids, organic matter, and nutrients was not controlled
at the entrance. The designed system consists basically of a septic tank (ST), an up-flow anaerobic filter
(UAF), and a subsurface horizontal flow constructed wetland (HF CW) (see Figure 1).

It is convenient to mention that, due to failures in the connection of pluvial piping network during
the construction of the pilot treatment plant, some rain water eventually entered into the piping system
that conducts the sewage to the treatment plant. This situation created some efficiency problems for
the system as will be discussed later.

 

Sump pump
(SP)

Septic tank
(ST)

Anaerobic 
filter
(UAF)

Constructed 
wetland
(HF CW)

Level and 
chlorination 

tank

Figure 1. Block diagram describing the treatment process.

At the time when this work was carried out, about 150 people worked at this R&D center including
researchers, administrative, and maintenance personnel, and students. All the sewage is directed to
a sump pump (SP). Solar panels were installed to power the pump located in the pumping sump and
in the receiving tank at the end of the system to irrigate the green areas of the R&D center. The average
flow at the entrance was estimated to be 7.5 m3/day (Qi) based on the use and discharge of about
50 L per person per day. This amount was calculated from the monthly average consumption of water
used directly in the buildings, laboratories, and pilot plants of the R&D center. Figure 1 displays the
sequence of the treatment process.
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The sump pump (SP) has a stainless-steel basket to trap coarse solids in the wastewater.
The wastewater is pumped from the sump pump (SP) to a two-chamber septic tank (ST) as shown
in Figure 2. The wastewater flows by gravity to an up-flow anaerobic filter (UAF) and then also by
gravity to a horizontal subsurface flow constructed wetland (HF CW) as shown in Figure 3. The level
tank (LT) at the end of the process controls the height of the water table in the constructed wetland.
Immediately after the level tank, a disinfection system was installed which works with chlorination
tablets. Finally, the treated water is stored in a plastic tank with a volume capacity of 10 m3 from which
the treated water is pumped to irrigate the green areas of the R&D center. The pump installed for
irrigation is also sun powered, making it a zero-energy consumption system.

 

Figure 2. Wastewaters entering to the sump pump (SP). The waste waters are pumped to a septic tank
(ST) which has a vent pipe (VP) to permit biogas generated during the anaerobic decomposition to exit.

Figure 3. Wastewaters flowing to an up-flow anaerobic filter (UAF) and then to a horizontal subsurface
constructed wetland (HF CW).

The septic tank (ST) is divided into two chambers: the first one is 11.3 m3 (V1), the second chamber
is 7.1 m3 (V2). They are connected by two 3” diameter pipes installed equidistant in the middle of both
chambers and 1.22 m in height from the bottom. At the bottom of each chamber there is a sump that
accumulates the biological sludge generated by the anaerobic bacteria. The amount of accumulated
sludge in each chamber was partially removed every six months by using a vacuum pump to avoid
the excess of solids in both chambers of the septic tank. Care was taken to leave part of the sludge
at the bottom of each chamber to maintain a minimum of active methanogenic bacteria within the
system. The removed sludge could be disposed of in a filtering bed. After a few days of sun exposure,
the dried sludge could be used as fertilizer.
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The up-flow anaerobic filter (UAF) is divided into two chambers, the function of the first one
is to receive and distribute the wastewater from the bottom into a wider second chamber filled with
a volcanic porous rock, known as lava rock, which is commonly called “tezontle” in Mexico [29].
The second chamber is the anaerobic up-flow chamber where the wastewater flows from the bottom
to the top of the chamber through the porous media created with the use of tezontle. The fixed bed
has a volume of 69.5 m3 (V3). The resulting porosity of the fixed bed is about 0.69. There are three
homogeneous layers of volcanic rock settled in the filtering bed ranging from 3” average diameter
at the bottom, 2” average diameter in the middle, and 1” diameter at the top. At the bottom of
the anaerobic filter, a sump was constructed that collects the biological sludge. The sludge must be
removed every six months by using a vacuum pump. The removed sludge can be disposed of in the
same filtering bed used to treat the sludge of the septic tank (ST).

Tezontle was selected as filling material in the UAF since it is an inert volcanic material relatively
abundant in the central portion of the country, it is neutral in pH, has a high porosity, is physically
stable, does not contain nutrients, and is rich in minerals like calcium, iron, and zinc [33]. Two months
after starting the operation, it was observed that a biofilm was created around the particles of tezontle
and there was a constant bubbling due to the anaerobic digestion of organic matter.

The constructed wetland has a surface area of about 336 m2 (A), and it is filled with 0.7 m of
tezontle with an average diameter of 3/8”. In the operation of the wetland, the hydraulic depth (δ)
was 0.6 m. The total volume of the constructed wetland was 201.6 m3 (V4) and the resulting porosity
of the filtering bed was about 0.68. The control level tank (LT) has a cubic shape and measures 0.40 m
per side. The tube in the level tank (LT) was adjusted to control the water level in the constructed
wetland 10 cm below the surface of the filling material. Tezontle was used as filling material in the HF
CW because it is commonly used as substrate in the hydroponic production of ornamental commercial
flowers and tomatoes in Mexico due to the richness of mineral content which is absorbed selectively
by the plants [37,38].

The system was put into operation and after three months the constructed wetland was planted
with African agapanthus (Agapanthus africanus) with a density of about three plants per square meter
in a quincunx arrangement giving an approximated number of 1000 plants. It took about three months
for plants to adapt to the system. After the level tank (LT), a disinfection system based on chlorination
was installed to control the pathogens that could be present at the end of the treatment process.

After one year of a clear adaptation of the vegetation was observed, the process of monitoring
water quality was initiated. Twelve water quality parameters where monitored every three months at
the entrance and outlet of the system over a year period. All water quality parameters were determined
by using accredited official Mexican norms that are in accordance with the standard methods for the
examination of water and wastewater [39].

Water quality parameters were monitored at the entrance of the system, at the outlet of every
treatment unit, and at the end of the treatment process after disinfection. Heavy metals were not
monitored since potable water is used for the diverse services of the R&D center, and it was not
contaminated with hazardous materials. The monitoring protocol was applied one year after its
construction and operation of the treatment plant during the months of January, April, July, and October
of the year 2016 and on January of 2017. The samples were taken only once in each reported month.
A duplicate sample was taken at the beginning and at the end of every treatment unit. Samples
were transported and analyzed in the laboratory following accredited standard methods for water
examination [39]. The hydraulic residence time (HRT) was considered as constant along the system for
purposes of analysis and discussion. The average use of water per month was calculated according with
water consumption data of the R&D center finding slight variations in monthly water consumption.
Pluvial water enters occasionally at the inlet of the system throughout the year. It was unavoidable
that the precipitation fell over the surface of the wetland since it was constructed in an open area.
The municipality of Zapopan is part of the metropolitan area of Guadalajara, it is located at 1548
m above sea level and its climate is sub-humid, with winters and dry and temperate springs. The
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average temperature is 23.5 ◦C, with a maximum of 35 ◦C and a minimum of 5.4 ◦C. The average
annual rainfall is 906.1 mm, and it rains mainly between the months of June to October. During the
rainfall period, the intensity of rainfall in Zapopan occurs mainly around midnight and in the early
hours of the day. According with the nearest meteorological station located in the city of Guadalajara,
the average monthly rainfall from January 2016 to January 2017 is shown in Figure 4.
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Figure 4. Amount of rainfall during the period of January 2016 to January 2017 in the meteorological
station located in Guadalajara.

4. Results

Measured water quality parameters are shown in Tables 2–6. According to Table 2 the mean fats,
oil, and grease (FOG) during the monitoring period was 37.04 ± 8.97 mg L−1, settleable solids (SS)
was 2.18 ± 2.37 mg L−1, total suspended solids (TSS) was 204.50 ± 89.19 mg L−1, biological oxygen
demand (BOD) was 505.1 ± 202.0 mg L−1, chemical oxygen demand (COD) was 987.9 ± 295.4 mg L−1,
and the total phosphorus (TP) was 11.98 ± 2.08 mg L−1. A high concentration of total nitrogen
(TN) was also found of 196.56 ± 91.13 mg L−1. Presence of pathogens increased markedly during
the month of July due to non-desirable input of rain water to the inlet of the system which mixed
with wastewater in the sump pump. The temperature was not reported since the samples were taken
according to the environmental conditions at midday which was an average of 23.5 ◦C with a maximum
of 35 ◦C. In general, the range of measured values in the water quality parameters overpass by far the
values reported in the literature corresponding to domestic wastewater and it is closer to the so named
‘high-strength domestic wastewater’ [10]. The reason of high standard deviation in BOD, COD, and TSS
as well as in TN is because some of the activities of the R&D center generates sewages of different
content in solid and organic matter depending on the type of raw material processed in the laboratories
and pilot plants. The R&D areas of the center are food technology, industrial biotechnology and plant
biotechnology. The activities of the plant biotechnology department in particular use nitrogen rich
compounds in the laboratory essays.

It is noteworthy that pathogens indicators increase abnormally in July at the entrance of the
system (see Table 2). This phenomenon was probably due to the entrance of pluvial water to the
system which dragged out part of the settled solids in the sump pump. Therefore, during this month,
also at the outlet of the septic tank (ST) and in the up-flow anaerobic filter (UAF) an abnormal increase
in the number of the pathogens indictors was measured (Tables 3 and 4). This increase in the count of
pathogen indicators was already observed at the outlet of the constructed wetland (HF CW) (Table 5).
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Table 2. Water quality parameters at the entrance of the septic tank (ST) (SD = standard deviation).

Water Quality Parameter Unit
2016 2017

Average and SD
Jan Apr Jul Oct Jan

pH - 8.5 7.5 6.3 7.0 8.4 7.54 ± 0.93
Floating material - Presence Presence Presence Presence Presence Presence

Turbidity NTU 158.0 87.3 88.5 196.0 223.0 150.56 ± 61.69
Fats, oil, and grease mg L−1 40.9 44.9 38.8 21.6 39.0 37.04 ± 8.97

Settleable solids mg L−1 3.0 0.8 0.5 0.6 6.0 2.18 ± 2.37
Total Suspended Solids mg L−1 112.5 157.5 152.5 290.0 310.0 204.50 ± 89.19

Biological Oxygen Demand mg L−1 854.0 426.0 329.5 458.0 458.0 505.10 ± 202.03
Chemical Oxygen Demand mg L−1 1453.0 863.5 666.5 1061 895.5 987.90 ± 295.37

Total Nitrogen mg L−1 121.0 295.1 296.2 122.0 148.5 196.56 ± 91.13
Total Phosphorus mg L−1 14.2 13.9 12.0 10.0 9.8 11.98 ± 2.08

Total Coliforms (×105) CFU/100 mL 920 210 1600 920 920 914.00 ± 491.51
Fecal Coliforms (×105) CFU/100 mL 540 820 1600 540 540 808.00 ± 459.04

E. coli (×105) CFU/100 mL 240 820 1600 540 540 748.00 ± 518.57
Residual chlorine mg L−1 <0.1 <0.1 <0.1 <0.1 <0.1 CELL

Color Pt-Co. 312 739 376 959 1574 792.00 ± 511.29

Table 3. Water quality parameters at the outlet of the septic tank (SD = standard deviation).

Water Quality Parameter Unit
2016 2017

Average and SD
Jan Apr Jul Oct Jan

pH - 7.1 6.9 6.7 7.1 7.1 6.98 ± 0.18
Floating material - Absence Absence Absence Absence Absence CELL

Turbidity NTU 53.0 53.0 75.8 116.0 147.0 88.96 ± 41.41
Fats, oil, and grease mg L−1 1.9 5.8 27.6 5.56 19.4 12.05 ± 10.95

Settleable solids mg L−1 0.3 0.4 0.3 0.2 1.5 0.54 ± 0.54
Total Suspended Solids mg L−1 45.0 90.0 45.0 165.5 110.0 91.10 ± 50.36

Biological Oxygen Demand mg L−1 157.0 136.5 235.5 276.0 177.5 196.50 ± 57.80
Chemical Oxygen Demand mg L−1 458.0 554.0 476.5 534.0 465.5 497.60 ± 43.44

Total Nitrogen mg L−1 111.5 505.7 270.8 120.7 140.0 229.74 ± 167.16
Total Phosphorus mg L−1 12.4 12.5 11.4 9.4 6.8 10.50 ± 2.41

Total Coliforms (×105) CFU/100 mL 35 49 220 79 170 110.60 ± 80.63
Fecal Coliforms (×105) CFU/100 mL 3.1 49 47 33 170 60.42 ± 63.94

E. coli (×105) CFU/100 mL 3.1 49 47 33 170 60.42 ± 63.94
Residual chlorine mg L−1 <0.1 <0.1 <0.1 <0.1 <0.1 CELL

Color Pt-Co. 302 499 354 631 1075 572.20 ± 309.13

Table 4. Water quality parameters at the outlet of the up-flow anaerobic filter (UAF) (SD = standard
deviation).

Water Quality Parameter Unit
2016 2017

Average and SD
Jan Apr Jul Oct Jan

pH - 7.1 7.1 6.8 7.1 7.4 7.10 ± 0.21
Floating material - Absence Absence Absence Absence Absence -

Turbidity NTU 32.8 32.8 14.5 3.7 13.5 19.46 ± 12.89
Fats, oil, and grease mg L−1 0.9 1.87 4.2 1.1 0.8 1.77 ± 1.42

Settleable solids mg L−1 0 0 0 0 0 -
Total Suspended Solids mg L−1 22.5 17.5 12.5 27.5 21.5 20.30 ± 5.63

Biological Oxygen Demand mg L−1 35.0 29.4 31.5 19.0 25.5 28.08 ± 6.13
Chemical Oxygen Demand mg L−1 239 245.5 52.5 56.5 126.5 144.00 ± 94.42

Total Nitrogen mg L−1 120.5 261 230.1 145.3 144.0 180.18 ± 61.46
Total Phosphorus mg L−1 12.0 7.0 9.1 6.9 4.3 7.86 ± 2.87

Total Coliforms (×105) CFU/100 mL 7.9 2.6 540 1.3 6.4 4.55 ± 3.11
Fecal Coliforms (×105) CFU/100 mL 4.3 2.6 350 0.2 4.3 2.85 ± 1.94

E. coli (×105) CFU/100 mL 4.3 2.6 350 0.2 4.3 2.85 ± 1.94
Residual chlorine mg L−1 <0.1 <0.1 <0.1 <0.1 <0.1 -

Color Pt-Co. 207 126 97 82 193 152.00 ± 58.54
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Table 5. Water quality parameters at the outlet of constructed wetland (SD = standard deviation).

Water Quality Parameter Unit
2016 2017

Average and SD
Jan Apr Jul Oct Jan

pH - 7.0 7.0 6.9 7.1 7.4 7.08 ± 0.19
Floating material - Absence Absence Absence Absence Absence -

Turbidity NTU 1.7 1.7 4.2 3.6 2.5 2.74 ± 1.13
Fats, oil, and grease mg L−1 0.1 0.1 3.6 1.1 0.6 1.10 ± 1.46

Settleable solids mg L−1 0 0 0 0 0 -
Total Suspended Solids mg L−1 12.5 5.5 4.5 13.0 10.0 9.10 ± 3.93

Biological Oxygen Demand mg L−1 15 10.3 8 8.0 3.0 8.86 ± 4.35
Chemical Oxygen Demand mg L−1 36.7 20.7 32.7 21.2 25.8 27.42 ± 7.08

Total Nitrogen mg L−1 98.8 123.1 100.3 105.0 75.5 100.54 ± 17.02
Total Phosphorus mg L−1 11 6.1 4.4 6.0 3.3 6.16 ± 2.95

Total Coliforms (×105) CFU/100 mL 0.017 0.068 0.79 0.078 1.3 0.37 ± 0.62
Fecal Coliforms (×105) CFU/100 mL 0.0078 0.018 0.49 0.002 1.3 0.33 ± 0.65

E. coli (×105) CFU/100 mL 0 0.018 0.49 0.002 1.3 0.33 ± 0.65
Residual chlorine mg L−1 <0.1 <0.1 <0.1 <0.1 <0.1 -

Color Pt-Co. 36 45 19 44 40 41.25 ± 4.11

Table 6. Overall efficiency of the system in the pollutants removal and compliance with the regulations.

Water Quality Parameter Unit
Inlet to

the Septic
Tank

Outlet of
the HF

CW

Removal
Efficiency

After
Chlorination

NOM-001/003
a

Compliance with
the Regulation

Temperature ◦C - - - - 40
√ c

pH - 7.54 7.08 - 7.02 5–10
√

Floating material - Presence Absence - Absence Absence
√

Turbidity NTU 150.56 2.74 98.2% 1.78 NS b

Fats, oil, and grease mg L−1 37.04 1.10 97.0% 0.98 15
√

Settleable solids mg L−1 2.18 - 100.0% - 1
√

Total Suspended Solids mg L−1 204.50 9.10 95.6% 5.90 30
√

Biological Oxygen Demand mg L−1 505.10 8.86 98.2% 8.70 30
√

Chemical Oxygen Demand mg L−1 987.90 27.42 97.2% 23.88 NS -
Total Nitrogen mg L−1 196.56 100.54 48.9% 103.06 15 NA d

Total Phosphorus mg L−1 11.98 6.16 48.6% 5.32 5 NA
Total Coliforms (×105) CFU/100 mL 914.00 0.37 99.96% - NS
Fecal Coliforms (×105) CFU/100 mL 808.00 0.33 99.96% - 0.01 PA e

E. coli (×105) CFU/100 mL 748.00 0.33 100.0% - NS
Residual chlorine mg L−1 <0.1 <0.1 0.34 NS

Color Pt-Co. 792.00 41.25 94.8% 28.20 NS
a Maximum permitted water quality values for treated water discharge to natural lakes or reservoirs which later are
used for urban public uses, measured as monthly average. b NS = Not specified by the Mexican regulation. c “

√
”

Means in accordance with the regulation. d “NA” Means not in accordance with the regulation. e “PA” Means
partially in accordance with the regulations since fecal coliforms were controlled after the HF CW by chlorination.

4.1. Septic Tank

By applying Equation (1) we have an estimation of the residence time (τ) in the septic tank of
about 2.45 days. In Equation (1), V1 is the volume of the first chamber of the septic tank, V2 is the
volume of the second chamber, and Qi is the inlet flow. The residence time could diminish eventually
during the rainy season due to the increase of flow at the inlet of the system.

τ =
(V1 + V2)

Qi
(1)

Comparing the data of the water quality parameters from Tables 2 and 3, the septic tank could
remove 67.5% of FOG, 75.2% of the SS, 55.5% of TSS, 61.1% of the BOD5, 49.6% of the COD, and 12.4%
of TP. On the other hand, TN increased 16.9%. In a conventional septic tank, organic nitrogen in
household wastes is transformed into ammonia products under the anaerobic conditions of the septic
tank (ammonification). Some of the organic nitrogen, however, is not degraded and becomes part
of the sludge at the bottom of the septic tank [40]. However, the abnormal increase of measured
total nitrogen concentration could be due to an introduction of excess of nitrogen-rich compounds
during some tests carried out in the R&D facilities. On the other hand, reduction of pathogens was
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very effective in the first stage of the treatment process achieving an average of 90.6% removal of all
measured pathogens.

4.2. Anaerobic Filter

To estimate the residence time of the up-flow anaerobic filter (UAF) we used Equation (2) where
V3 is the total volume of the packed bed in the filter (69.5 m3) and ε is the average porosity of the filling
material (0.69). By applying Equation (2) we calculated a residence time in UAF of about 6.4 days.
The UAF considered a high hydraulic residence time to ensure the maximum removal of the organic
matter before it arrives to the wetland.

τ =
V3 ε

Qi
(2)

Comparing water quality conditions among the measured outflow of septic tank (Table 3) and
UAF (Table 4) it was concluded that this treatment unit reduced 85.3% of the FOG, 100% of the SS,
77.7% of the TSS, 85.7% of the BOD, 71.1% of COD, 21.6% of TN, and 25.1% of TP. In this second
treatment step, the pathogens indicators were reduced an average of 95.6%. Due to the abnormal
increase of pathogens indicators explained before, to calculate the efficiency of the UAF regarding
bacteria removal, the measured pathogens indicators during July were not included, otherwise the
efficiency of bacteria removal in this unit falls to negative values (Table 4).

4.3. Constructed Wetland

To estimate the residence time of the horizontal flow constructed wetland (HF CW), we used
Equation (3) where V4 is the total volume of the constructed wetland (201.6 m3), εw is the average
porosity of the filling material in the wetland (0.68), and E is the estimated loss of water due to
evaporation and evapotranspiration through the plants in the wetland according to the average
local climatic conditions. Based on the findings of Headley et al. [41], measuring the rate of
evapotranspiration from subsurface horizontal flow wetlands planted with Phragmites australis in
sub-tropical environment, an average loss of 10% of water by evapotranspiration from soil and plants
was considered. By applying Equation (3) we got a residence time in the HF CW of 11.75 days.

τ =
V4 εw

Qi
(1 − E) (3)

Comparing water quality conditions in the measured outflow of the UAF (Table 4) and in the HF
CW (Table 5) it was observed that this unit could reduce 38.0% of the FOG, 55.2% of the TSS, 68.4%
of the BOD, 81.0% of COD, 44.2% of TN, and 21.6% of TP. In the third treatment step, the pathogen
indicators were reduced by an average of 88.5%. As it was explained before, the increase of pathogens
indicators in July happened because of the rainfall that entered the inlet of the system which removed
part of the pathogens settled in the septic tank. If we leave out the values measured in July, the pathogen
removal efficiency of the system increases to 90.0%, fulfilling the requirements of the official Mexican
regulations (NOM-001-SEMARNAT-1996) without using chlorination [42].

4.4. Outlet of the Desinfection Stage

The final process of the treatment system is the disinfection which works with chlorination tablets
and is installed immediately after the level tank (LT) (see Figure 3). The disinfection practically reduces
the pathogen indicators to zero, fulfilling the Mexican official regulations [42]. In the case of discharges
to surface waterbodies, the upper limit for FC is 1000 CFU/100 mL, and for the reuse of treated
wastewater the upper limit is 240 CFU/100 mL in the case of direct contact with persons and 1000
for indirect or occasional contact with persons. Basically, we observe the same removal efficiencies
obtained at the outflow of the constructed wetland for FOG, TSS, BOD, and COD. Nutrients remain
practically the same but there is a reduction to zero of each of the pathogen indicators.
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5. Discussion

The passive treatment system was designed and constructed during the period of 2014–2015
to support the treatment needs of an R&D center producing high-strength domestic wastewater.
An amount of close to 120,000 USD was invested in the construction of this system. After almost
three years of operating the system, the M&O costs of the system were estimated to be around 700
USD per year. The actual savings in water for irrigation were estimated to be close to 2000 USD
per year. Additionally, during the period of study the system discharges consistently complied
almost with all parameters observed by the official Mexican standards NOM-001-SEMARNAT-1997
and NOM-003-SEMARNAT-1997 [42]. These norms establish the limits of wastewater parameters
in treated wastewater discharged into surface water bodies and those reused for public services
respectively [42]. Table 6 shows the average water quality parameters reached at the end of the process
after the chlorination stage and the estimated overall efficiency of the system.

As explained throughout this paper, the system was designed to treat highly polluted domestic
wastewater. Therefore, the actual hydraulic retention times (HRT) in each stage of the treatment
process are relatively high compared to those recommended in the literature for septic tanks of one to
three days [40,43], 2 to 96 h for UAF units treating domestic or rural sewages [16–19], 10 to 20 days for
high rate anaerobic digesters treating high-strength wastewater [44], and the range of two to seven
days in horizontal subsurface constructed wetlands [45]. In the pilot treatment plant, it was established
a HRT for the septic tank of 2.45 days which is in accordance with the literature. For the UAF, a HRT of
6.4 days was established which is 1.6 times higher than the best HRT suggested for UAF systems but
in the middle of those suggested to treat high-strength wastewater. Finally, the HF CW was designed
with a HRT of 11.75 days which is double too high to that suggested by the literature to treat domestic
wastewater. The content of total nitrogen in domestic wastewater is in the range of 20 mg L−1 to
50 mg L−1 and the content of total phosphorus is in the range of 5 mg L−1 to 15 mg L−1 [10]. As shown
in Table 2, total nitrogen at the inlet of the system is three to six times higher and total phosphorus is in
the upper limit. It was expected that the longer the residence time designed for the HF CW system
could capture most of the nitrogen and phosphorus entering to the system.

According with the results shown in Table 7, the system efficiently removes most of the
contaminants entering to the system except for nutrients. Phosphorus concentration was reduced
almost to the limits permitted by the Mexican regulations for treated wastewater discharged to surface
waterbodies [42]. Nitrogen was reduced only to almost 50% but the end concentration is far from the
permitted concentration discharged to surface waterbodies [42].

Table 7. Water quality parameters at the outlet of the disinfection system (SD = standard deviation).

Water Quality Parameter Unit
2016 2017

Average and SD
Jan Apr Jul Oct Jan

pH - 7.3 7.0 6.5 7.2 7.2 7.02 ± 0.31
Floating material - Absence Absence Absence Absence Absence -

Turbidity NTU 1.70 1.70 4.2 3.6 2.5 1.78 ± 0.22
Fats, oil, and grease mg L−1 0.1 1.02 2.9 0.8 0.1 0.98 ± 1.15

Settleable solids mg L−1 0 0 0 0 0 -
Total Suspended Solids mg L−1 9.0 4.5 2.5 12.0 1.5 5.90 ± 4.46

Biological Oxygen Demand mg L−1 15 10.3 8 7.2 3.0 8.70 ± 4.40
Chemical Oxygen Demand mg L−1 36.1 18.62 23.6 16.3 24.8 23.88 ± 7.67

Total Nitrogen mg L−1 83.5 140.9 116.8 99.6 74.5 103.06 ± 26.60
Total Phosphorus mg L−1 11.0 5.6 4 4 2 5.32 ± 3.42

Total Coliforms (×105) CFU/100 mL 0 0 0 0 0 -
Fecal Coliforms (×105) CFU/100 mL 0 0 0 0 0 -

E. coli (×105) CFU/100 mL 0 0 0 0 0 -
Residual chlorine mg L−1 0.3 0.3 0.4 0.2 0.5 0.34 ± 0.11

Color Pt-Co. 20 41 16 38 26 28.20 ± 10.96

On the other hand, overabundance or deficiency of available nitrogen are both problematic for
grass plants. Excessive levels of nitrogen: (1) stimulate rapid shoot growth while slowing down
root growth and increasing the need for more frequent mowing; (2) deplete the plant’s carbohydrate

190



Water 2018, 10, 99

reserves more rapidly, which in turn can result in less stress tolerance and slower recovery from any
injury to the plant; (3) result in thinner, more succulent leaf tissue, which increases moisture loss and
therefore creates a greater need for water; (4) can predispose the plant to greater insect and disease
problems; (5) contribute to more rapid and excessive thatch development; (6) leach through the soil
beyond the root system, potentially polluting groundwater resources when not used by the grass
plant [46]. To date, the grass of the R&D Center shows healthy development in both rainy and dry
season. However, it will be necessary to monitor the subsurface land to measure if the excess of
nitrogen is leaching and polluting the underground.

Later monitoring data shows that the system still works satisfactorily removing chemical organic
matter, even with COD loads of 2560 mg L−1 with an efficiency removal of 93.9%. In counterpart,
the efficiency in nutrients removal barely achieved 50% for both nitrogen and phosphorus. Since the
treated wastewater is directly reused for irrigation, the excess of nutrients results in benefits to the
green areas of the R&D center, because the use of synthetic fertilizers is not required. The quantification
of the number of plants produced per square meter per month in the HF CW is still pending but
preliminary counts establish that about 50% of the planted wetland (about 500 plants) produce at least
one lateral bud per month.

6. Conclusions

The elevated organic content of high-strength domestic wastewater makes aerobic treatment
systems uneconomical. High-strength domestic wastewater was preferably treated anaerobically,
thus providing a potential for energy generation while producing low surplus sludge [44]. Additionally,
in the tested pilot plant project it was possible to produce successfully Agapanthus africanus as
an ornamental plant.

As explained by previous authors, the efficiency in the removal of pollutants from high-strength
domestic wastewater by using anaerobic processes are mainly controlled by the hydraulic residence
time selected in the design of the anaerobic units and in the HF CW [44,45]. The studied wastewater
treatment process efficiently reduced the FOG, TSS, BOD, and COD loads from the R&D center sewage,
meeting the water quality standards requested by Mexican regulations [42]. The present results are
in accordance with the experience of similar treatment systems reported for tropical climates [12].
Through this work, it is possible to extend the principles of BOD and COD removal reported for
domestic wastewater to high-strength domestic wastewater [44].

Discharged Total-N concentration was close to seven times higher compared with the requested
official standard which controls the treated wastewater discharged to surface water bodies [42]. Most of
the total-N concentration was removed in the HF CW and the results show that, despite the longer
hydraulic residence time, it was not sufficient to remove it to values below 50%. In counterpart, total-P
was very close to fulfil the limits of the official regulations [42]. Since treated wastewaters were used
for irrigation, chlorination was necessary at the end of the treatment process to meet environmental
regulations regarding fecal coliforms [42]. Total-N removal was safely solved by the reuse of treated
wastewater in grass irrigation, but in case of discharges to surface waterbodies it will be necessary to
use combined aerobic and anaerobic processes to improve the denitrification process [47].

Nowadays, the pilot treatment system still works close to the facilities where R&D activities are
regularly carried out without releasing offensive odors. The community at the R&D center enjoys an
environmentally friendly area because they preserve green areas all year long, a nice view was created
specially during the flowering time of the African agapanthus, and a habitat was created within the
constructed wetland, where several species of birds, lizards, butterflies, and bees are frequent visitors
to this artificial ecosystem.
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Abstract: Benzotriazole is used as corrosion inhibitor in many industrial sectors, such as the dairy
industry. Due to its widespread use in various applications and everyday consumer products, this
chemical easily reaches the aquatic environment, where it may have deleterious effects. In fact,
benzotriazole has been included among the so-called emerging contaminants. In this work,
the occurrence and fate of a benzotriazole based anticorrosive (BTA-A) during wastewater treatment
in a dairy industry has been assessed. At this dairy, a new system for wastewater treatment based
on the injection of pure oxygen was recently started. This system has been proved to be efficient,
economic and able to stably operate under a wide range of chemical oxygen demand and total
suspended solids inputs. Then, after detecting the presence of BTA-A in the effluent of the wastewater
treatment plant, it was aimed to optimize oxygen injection for the removal of this anticorrosive
together with the regulated parameters. The performance of the system was evaluated at a real
scale during a month period, during which the mean removal performance of the oxygen injection
based treatment was 91%, 90% and 99% for chemical oxygen demand, total suspended solids and
BTA-A, respectively.

Keywords: food industry; anticorrosive agent; benzotriazole; emerging contaminant;
oxygen injection

1. Introduction

Benzotriazole (BTA), whose chemical structure is shown in Figure 1, is a heterocyclic compound
containing three nitrogen atoms. This aromatic compound is colorless and polar and has been widely
utilized in several fields such as plastics, coatings, dyes, and sunscreen. BTA has also been extensively
used as metal corrosion inhibitor in a wide range of industrial applications. It is characterized by
posing high water solubility (28 g/L), low vapor pressure and low octanol water distribution coefficient
(log Kow: 1.23) [1].

Figure 1. Chemical structure of benzotriazole (BTA, C6H5N3).
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BTA concentrations above 0.97 mg/L have been shown to pose chronic adverse effects to
Daphnia galeata [2] and concentrations above 40 mg/L have revealed toxic effects in Microtox® tests [3].
Therefore, BTA has been classified as a toxic compound to aquatic organisms that can cause long-term
adversary effects in the aquatic environment [1].

Apart from its toxic properties, due to its persistence and bioaccumulation, BTA cannot be
totally but only partially removed from wastewater by conventional treatment processes [4]. In fact,
such conventional processes and wastewater treatment plants are not designed for the removal of
unregulated contaminants such as BTA. Consequently, and due to its widespread applications, BTA has
become a ubiquitous contaminant in the aquatic environment, having been classified as an emerging
contaminant [5]. The definition of emerging contaminants, which include an extensive and expanding
spectrum of compounds, is still under discussion, but it may be said that they are compounds that
are not currently covered by existing water-quality regulations, have not been studied before, and are
thought to be potential threats to environmental ecosystems and human health and safety [6]. In fact,
BTA has recently been detected in water supplies around the world, which has called the attention of
many environmental researchers [7].

In the industry, water has numerous uses—heating, cooling, washing, cleanup, etc.—but has
traditionally been over-used due to its low cost. Nevertheless, actual increasing environmental
regulations, concerns around human and ecological health, and consumer expectations of high
environmental performance have placed water conservation onto the agenda of the process industry [8].
Due to the advances on water/wastewater treatment technologies, a variety of options is actually
available to provide a high standard of wastewater treatment. These technologies include advanced
oxidation technologies (AOTs), which have been widely investigated for the treatment of industrial
wastewaters, particularly where the source waters contain high concentration of ambiguous, refractory
and recalcitrant chemical compounds such as aromatics, pesticides, pharmaceuticals and personal
care products, drugs and endocrine disruptors [9–11]. Despite their efficiency, the implementation
of AOTs is not always economically affordable for local industries. Alternatively, simple oxidation
processes, which can be applied straightforward at low investment costs, may, in some cases, enable
quality requirements to be met and matched to specific end-uses. In fact, for any industry, decisions
on wastewater treatment require the analysis of economic criteria combined with the associated
environmental issues [12].

In a previous work [13], data on the start-up of a new system for dairy wastewater treatment based
in the injection of pure oxygen in the homogenization tank of a traditional physicochemical treatment
were presented. It was concluded that this system was able to stably operate under a wide variety of
both input chemical oxygen demand (COD) and total suspended solids (TSS). Furthermore, compared
with the previous physicochemical system and also with a conventional biological treatment [14,15],
it was proved to be more efficient and cheap. In this work, given the use of a benzotriazole based
anticorrosive (BTA-A) agent for the refrigeration towers, the main aim was to determine the occurrence
and removal of this BTA-A from wastewater at the dairy treatment plant. To the best of our knowledge,
few publications deal with the removal of BTA or BTA products during wastewater treatment and
there are not published results on dairy wastewater.

2. Materials and Methods

2.1. Dairy Wastewater Treatment and Anticorrosive Agent Utilization

The wastewater treatment plant under study was implemented in Lácteos Ibéricos, which is a
dairy and juice factory in Northwest Spain. This factory processes 2,700,000 L of milk/week and
900,000 L of juice/week. Of total production, 72% consists of dairy products and the remaining 28% of
juices and nectars. Such a production involves the generation of around 1000 m3/day of wastewater
with 61.1% of total COD corresponding to milk fat and 38.9% to juices and nectars. In the industry,
wastewater must be treated before being discharged in the local sewage treatment plant (STP) under
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the obligatory accomplishment of tabulated limits (TSS, COD and biological oxygen demand after five
days (BOD5)) and a tax payment.

Figure 2 shows the current layout of the wastewater treatment plant at Lácteos Ibéricos. From the
factory, wastewater is pumped to two homogenization rafts of 110 m3 each, where the wastewater is
neutralized under CO2 injection (hydraulic retention time (HRT) = 30 min). Neutralized wastewater
is then pumped to a 360 m3 raft. Next, gravity passed to another raft of 110 m3, pure O2 (99.9999%,
6.5 bar) being injected in these rafts (total HRT = 352.5 min). Injected O2 is purchased from Praxair
(Madrid, Spain) at a price of 0.5 €/m3. Subsequently, wastewater is pumped to the dissolved air
flotation tank (DAF), where a coagulation–flocculation treatment is applied (HRT = 15 min). Finally,
the treated wastewater exits the manifold and is discharged to the municipal STP while the extracted
sludge is dried by means of a horizontal decanter. The clean water extracted from the mud in the
decanter as well as the excess of sludge are sent back to head of the plant (homogenization rafts).

Figure 2. Dairy wastewater treatment plant layout. Sampling points considered for this work were:
1.—entrance of the plant (inlet); 2.—after neutralization under CO2; 3.—after O2 injection; and 4.—after
the dissolved air flotation (DAF) tank, which corresponds to the effluent of the plant being discharged
to the municipal sewage treatment plant (outlet).

At the dairy, a BTA-A, namely 3D TRASAR® 3DT265, from Nalco Water (Oviedo, Spain),
is employed to avoid corrosion of the refrigeration towers. For this purpose, BTA-A is supplied by a
peristaltic pump in the water feeding these refrigeration towers. The concentration of BTA-A in this
water is weekly determined by a Nalco TRASAR Pen Fluorometer and dosage is adjusted in order to
keep it in the range 90–100 mg/L, which guarantees that the desired purpose is fulfilled. Benzotriazole
(BTA) is part of the composition of the referred anticorrosive agent (1.13 g/mL, 0.5–1.5% w/w BTA),
which is widely used in different types of industries.

Actually, 11,750 L of BTA-A are used at the Lácteos Ibéricos dairy on a yearly basis. Due to
the cleaning operations on the refrigeration towers, this anticorrosive agent will end in the dairy
wastewater. Therefore, considering a yearly production of 365,000 m3 of wastewater at the dairy,
a concentration of around 36.4 mg/L of BTA-A in the wastewater entering the treatment plant at the
dairy may be expected, which means about 0.55–0.18 mg/L of BTA.
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2.2. Laboratory-Scale Experiments

Three wastewater samples (2 L) were collected just at the entrance of the treatment plant (pointed
as 1 in Figure 2). Each sample was divided into four 0.5 L sub-samples. One of them was used as the
control, in the absence of oxygen injection. The other three sub-samples were treated by the injection
of O2 (99.9999%, 6.5 bar), each at a different flow rate, namely 15, 20 and 25 m3/h. During such an
oxygen injection treatment at laboratory, aliquots were withdrawn throughout time so to quantify TSS
and COD in water, which was done according to standard methods [16]. In addition, the concentration
of BTA-A in aliquots was determined by a Nalco TRASAR Pen Fluorometer. The oxygen injection
treatment was maintained until the stabilization of the above parameters in wastewater samples.

The experimental results on the removal of TSS, COD and BTA-A were described by a pseudo
first-order kinetic model (Equation (1)). Fittings to this equation were obtained by GraphPad Prism 7
(GraphPad Software Inc., San Diego, CA, USA):

%removal = %max (1 − e−k1t), (1)

where %removal is the percentage of TSS, COD or BTA-A removed at a certain time under O2 injection,
%max is the maximum percentage of removal that is expected to attain, k1 (min−1) is the pseudo-first
order rate constant and t (min) is the time under a certain flow rate of O2.

The differences among the three O2 flow rates in terms of kinetic parameters were tested using the
non-parametric Kruskal–Wallis test. When the Kruskal–Wallis test pointed to significant differences
(p < 0.05), the differences between the three combinations of flows were tested using the posthoc
Dunn’s test.

2.3. Plant Study at a Real Scale

Wastewater was sampled from Monday to Friday during four consecutive weeks at the following
points of the wastewater treatment plant (Figure 2): 1.—at the entrance of the plant (inlet); 2.—after
neutralization under CO2; 3.—after O2 injection; and 4.—after the DAF, which corresponds to the
effluent of the plant being discharged to the municipal STP (outlet). At each point, three grab samples
(0.5 L each) were collected daily, one every eight hours. Sampling was made to coincide with the start
of each work shift so to avoid disturbing the work routine at the dairy. The following parameters
were analysed according to standard methods [16]: temperature, pH, dissolved oxygen, TSS, COD.
Furthermore, the BTA-A concentration in the samples was determined by a Nalco TRASAR Pen
Fluorometer. Considering the flow stability of the influent and effluent in the plant (1000 m3/day)
and that three samples were collected daily, the removal efficiency (%) of TSS, COD and BTA-A
was calculated on the basis of their respective average daily concentrations by applying error
calculation rules.

3. Results and Discussion

3.1. Laboratory-Scale Experiments

Control experiments allowed to verify that TSS, COD and BTA-A concentration remained the
same during the duration of the laboratory-scale experiments. Regarding the laboratory experiments
under oxidation, the percentages of TSS, COD and BTA-A removal throughout time under different O2

flow rates are represented in Figure 3 together with the corresponding fittings to the pseudo first-order
kinetic model (Equation (1)). The fitted parameters of the kinetic model (k1 and %max) are depicted in
Table 1, where the goodness of the fittings is represented by the determination coefficient (R2) and the
deviation (Sxy).
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Figure 3. Laboratory study investigating the effect of different O2 flow rates on the removal of:
(a) total suspended solids (TSS); (b) chemical oxygen demand (COD); and (c) benzotriazole based
anticorrosive agent (BTA-A). Note: Error bars stand for standard deviation values (n = 3). Experimental
results are shown together with fittings to the pseudo first-order kinetic model (grey continuous line,
black continuous line and black discontinuous line represent fittings to removal under 25, 20 and
15 m3/h of O2, respectively).
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Table 1. Parameters obtained from the fittings of experimental results on the removal of total suspended
solids(TSS), chemical oxygen demand (COD) and benzotriazole based anticorrosive (BTA-A) under
different O2 flow rates to the pseudo first-order kinetic model.

Contaminant Removed
O2 Flowrate Parameters of the Pseudo First-Order Kinetic Model Goodness of Fitting

(m3/h) k1 (min−1) %max R2 Sxy

TSS
25 0.0207 ± 0.0021 a 77.24 ± 2.76 a 0.9818 3.74
20 0.0158 ± 0.0017 b 71.02 ± 3.05 a 0.9814 3.37
15 0.0057 ± 0.0013 c 80.05 ± 12.65 a 0.9818 3.50

COD
25 0.0077 ± 0.0026 a 80.72 ± 15.07 a 0.9394 6.73
20 0.0085 ± 0.0023 a 85.93 ± 12.47 a 0.9491 6.46
15 0.0074 ± 0.0010 a 80.62 ± 6.27 a 0.9894 2.62

BTA-A
25 0.0175 ± 0.0010 a 83.40 ± 1.82 a 0.9947 2.19
20 0.0124 ± 0.0017 b 85.59 ± 5.45 a 0.9789 4.67
15 0.0102 ± 0.0021 b 85.15 ± 8.39 a 0.9640 5.62

Note: Significantly different parameters (p < 0.05) are marked with different superscripts (a), (b), (c), while the same
superscript is used in the case of no significant differences (p > 0.05). Those parameters for which significantly
different values have been determined are in bold.

As may be seen in Figure 3a, under the flow rates tested, TSS are mostly removed during the
first 120 min under oxygen injection. Moreover, from 180 to 240 min, there is not a noteworthy
increase of the removal percentage. Parameters in Table 1 show that the largest O2 flow rate (25 m3/h)
allowed for a significantly larger kinetic constant for the removal of TSS, followed by 20 and 15 m3/h.
In any case, the %max attained under these flow rates were not significantly different. With respect
to the COD, removal curves in Figure 3b are similar to those of TSS (Figure 3a), COD being removed
mainly during the first 120 min and with no remarkable increments between 180 and 240 min. Under
the considered O2 flow rates, neither the kinetic constant nor the maximum percentage of COD
removal were significantly different according to the data displayed in Table 1. Finally, results on
BTA-A removal, which are represented in Figure 3c, show that elimination is near 85% at the end of
240 min under oxygenation. As for TSS and COD, BTA-A is mainly removed during the first 120 min
under O2 injection and irrelevant increments on the BTA-A removal were observed for oxygenation
times longer than 180 min. As for the parameters in Table 1, the k1 under 25 m3/h was significantly
higher than that under 20 or 15 m3/h. However, the %max attained under these flow rates were not
significantly different.

On the basis of the above results, a flow rate of 20 m3/h was selected to be injected into the
dairy wastewater treatment plant for the subsequent study. Although it is true that a slightly faster
TSS and BTA-A removal was attained under 25 m3/h, the maximum TSS, COD and BTA-A removals
attained under the O2 flow rates considered here were not significantly different. Furthermore, at a
real scale, if the plant works 720 h/month, using 25 m3/h instead of 20 m3/h would represent an
extra expense of 1800 €/month, which is not worth taking into account the results here obtained at the
laboratory-scale experiments.

3.2. Plant Study at a Real Scale

Figure 4 represents the average inlet concentration (Figure 4a) and removal efficiency (Figure 4b)
of the wastewater treatment plant for TSS, COD and BTA-A. Results on the inlet TSS and COD in
Figure 4a are within the range of values determined for these parameters in a previous study [13].
Regarding BTA-A inlet concentration, values are all between 30 and 35 mg/L, which is a quite narrow
range as compared with TSS and COD. While TSS and COD contents in wastewater are related to
production fluctuations at the dairy, the inlet BTA concentration is more stable since it is due to its dosed
use as anticorrosive agent. In fact, the mean BTA-A concentration at the entrance of the wastewater
treatment plant is 33 mg/L, which is close to that referred above as the expected concentration of
BTA-A (36.4 mg/L) on the basis of its yearly consumption.
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Figure 4. Results at a real plant scale on: (a) the inlet concentration of total suspended solids (TSS),
chemical oxygen demand (COD) and benzotriazole based anticorrosive agent (BTA-A) concentration;
and (b) the efficiency performance of the dairy wastewater treatment plant on the removal of TSS,
COD and BTA-A. Note: Error bars stand for standard deviation values (n = 4).

Figure 4b represents the average daily removal of TSS, COD and BTA in the dairy wastewater
treatment plant throughout the sampling period. As may be seen, the percentage of TSS average
removal remained between 81% and 98%. With respect to COD, average removal percentages between
82% and 99% were observed. These efficiencies are mostly higher than those obtained when the oxygen
injection system was started [13]. It should be highlighted that, as said above, effluent from the dairy
wastewater treatment plant is discharged to the municipal sewage system, which involves the payment
of a tax on the basis of the load and volume discharged as described by the following equation:

Tax (€/m3) = P × K, (2)

where P is a fixed coefficient (currently, P = 0.5 €/m3) and K (1 < K < 5) is a correction factor. This factor
(K) is a function of the contamination index (I) of the effluent to be discharged in the municipal
STP system.
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The calculation of I is as follows:

I = COD + 1.65 BOD5 + 1.10 TSS, (3)

where BOD5, COD and TSS are expressed in kg/m3. At the dairy industry considered here, BOD5 is
not regularly determined but estimated as BOD5 = 0.65 COD, thereby I is calculated as indicated next:

I = 2.3 COD + 1.10 TSS. (4)

The value of I is periodically determined for a composed sample and it may be verified by the STP
at any moment. Then, the K coefficient is the value of I rounded to units (units will be left the same
if the tenth value is less than 5, but units will be increased by one if the tenth value is five or more).
The minimum applicable value of K is 1 and the maximum value is 5, which will be applied when the
calculated I is 5 or larger. For the dairy, it is a priority that the STP tax is as low as possible. Therefore,
it must be ensured that wastewater treatment implemented at the dairy allows for a K = 1 in order to
minimize the STP tax to be paid. In the present study, the mean outlet TSS and COD concentrations
within the sampling period were 6.5 and 126 mg/L, respectively, which guarantees that the correction
factor (K) that is applied for the calculation of the municipal STP tax is equal to 1.

Regarding the removal of BTA-A, percentages above 98% have been always attained throughout
the four weeks considered period. It may be observed that the removal of BTA-A is larger and remains
mostly unchanged as compared with the removal of TSS and COD. These facts must be associated to
the more stable inlet BTA-A concentrations, which do not depend on the dairy production. On the
other hand, comparing results in Figure 3 with those in Figure 4, it is evident that removal efficiencies
at a real scale were higher than those observed at a laboratory-scale. This must be related to the
existence of three consecutive steps at the dairy wastewater treatment plant, namely CO2 injection,
O2 injection and coagulation–flocculation, while, at a laboratory scale, only O2 injection was applied.

A main question about BTA-A removal in the dairy wastewater treatment plant is the contribution
of each treatment stage. In order to assess this issue, the concentration of BTA-A in the dairy
wastewater and the removal at each stage of the treatment plant is represented in Figure 5. Figure 5a
allows for comparing the daily average concentrations of BTA-A at the entrance of the wastewater
treatment plant (sampling point (1)), after neutralization by CO2 injection (sampling point (2)), after O2

injection (sampling point (3)) and after the DAF (sampling point (4)). As it was highlighted above,
the mean BTA-A concentration at the entrance of the wastewater treatment plant throughout the
period under study is 33 mg/L, with values between 26 and 40 mg/L. Meanwhile, the mean BTA-A
concentration after CO2 injection is 19 mg/L, with values between 13 and 23 mg/L. After O2 injection,
the mean BTA-A concentration is 8 mg/L, varying between 6 and 12 mg/L. Finally, after the DAF,
BTA-A daily average concentrations are between 0.86 and 0.06 mg/L with a mean of 0.35 mg/L.
Therefore, BTA-A concentration progressively decreases along with subsequent treatments at the
dairy wastewater treatment plant. In addition, it may be seen that, from one stage to the subsequent
one, BTA-A concentration values get more stable within the sampling period with a decreasing daily
standard deviation.

Accumulative percentages of the BTA-A removal in the dairy wastewater treatment plant
throughout the period under study are shown in Figure 5b for each treatment stage. Throughout
the whole period, the average removal of BTA-A under CO2 injection (sampling point (2)) remains
between 33% and 56%, with a mean of 44%. Then, after the O2 injection stage (sampling point (3)),
a mean removal of 74% is achieved within the whole sampling period. Finally, after the DAF (sampling
point (4)), the mean performance of the plant on the elimination of BTA-A is 99% within the sampling
period, with average values ranging between 98.3% and 99.7%. Then, the individual weight of each
stage for this overall removal may be calculated as 44%, 30% and 25% for CO2 injection, O2 injection and
coagulation–flocculation, respectively. Therefore, the importance of each stage on the overall removal
of BTA-A from wastewater is progressively decreasing. However, when considering the BTA-A
concentration entering at each stage, the mean removal performance of the coagulation–flocculation
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DAF stage is 95.6%. This is a remarkable efficiency as compared with the previous treatments, namely
CO2 and O2 injection, which respective mean efficiencies were of 44% and 56% relatively to the
corresponding BTA-A input. Polymeric cationic flocculants are used at the dairy wastewater treatment
plant; thus, given the low Kow of BTA [1], either a combination of charge neutralization and bridging
or bridging, but not sorption, must be the main mechanisms for BTA-A removal at the DAF. On the
other hand, as compared with the DAF treatment, large daily deviations in the performance of the
CO2 and, especially, of the O2 injection stages may be observed in Figure 5b. In addition, for these
stages, a certain variation from day to day between average performance values may be observed.
On the contrary, the global removal shows relative small variations within and inter days throughout
the period here considered. This is quite relevant, since the dairy wastewater treatment plant gets
to ensure a short range of low BTA-A concentrations in the effluent. Even so, considering the BTA
content of the BTA-A used here, the effluent from the dairy wastewater treatment plant must have a
BTA concentration of 0.003–0.013 mg/L.
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Figure 5. Results on (a) the benzotriazole based anticorrosive (BTA-A) concentration; and
(b) cumulative BTA-A removal percentage at the different stages of the dairy wastewater treatment
plant, namely at the sampling point 2.—after neutralization under CO2; sampling point 3.—after O2

injection; and sampling point 4.—after the DAF, which corresponds to the effluent of the plant being
discharged to the municipal sewage treatment plant (outlet). Cumulative removal percentages were
calculated respect the entering BTA-A concentration at the sampling point 1.—entrance of the plant
(inlet). Note: Error bars stand for standard deviation values (n = 3).
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To our best knowledge, there are not published results on the occurrence of benzotriazole or
benzotriazole based anticorrosives in dairy wastewaters, neither on their removal. Several authors
have studied the removal of BTA during activated sludge (AS) batch experiments [17–19]. However,
information on the removal of BTA during wastewater treatment is scarce in the literature. In the
case of municipal wastewaters, Voutsa et al. [1] made a deep study on the occurrence and fate of
benzotriazoles in wastewater treatment plants (WWTPs) and presented data on the concentrations
of BTA in samples of primary and secondary effluents from 24 different WWPTs in Switzerland.
The median outlet concentrations of BTA were 18 and 10 μg/L, respectively [1], which are similar
to the outlet BTA concentration at the dairy wastewater treatment plant throughout the sampling
period carried out in the present work. Voutsa et al. [1] highlighted that the elimination of BTA in
WWTPs was relatively low, with maximum values of 62% obtained from 10 WWTPs in the Glatt
Valley catchment. More recently, it was highlighted that benzotriazoles, which are polar and poorly
degradable pollutants, are insufficiently removed by biological treatment at conventional wastewater
treatment plants as concluded from the reported BTA removals (29–58%) in wastewater treatment
plants [20]. Even under higher removals (around 75% for BTA), it has been pointed out that large
average daily loads are discharged via treated wastewater to the aquatic environment [21].

Compared with the above values, the performance of the oxygen injection based dairy wastewater
treatment plant here studied is quite satisfactory. Likewise, it must be considered that the treated
effluent from the dairy is discharged to the local STP [13]), where BTA-A may be further removed.
In any case, efficient wastewater treatment processes and zero discharge treatment units are desirable
for dairies sustainability [22]. Additional in-plant treatments could be implemented in the dairy
wastewater treatment plant to improve the quality of the outlet effluent. In this sense, hybrid membrane
processes combining powdered activated carbon (PAC) adsorption with ultrafiltration (UF), which have
been successfully used for the removal of BTA from wastewater [23] could be implemented after the
DAF. Future studies must be carried out on the implementation of such treatments, and on the direct
analysis of BTA and its transformation products in the dairy wastewater.

4. Conclusions

A benzotriazole based anticorrosive agent (BTA-A) is used at the dairy for inhibiting corrosion of
the refrigeration towers. Then, water used for cleaning operations of these towers is treated at the dairy
wastewater treatment plant where a new oxygen injection system was recently established. It was
verified in this work that BTA-A is present in the dairy wastewater, concentration values between 26
and 40 mg/L having been determined during a four-week sampling period. After a laboratory scale
study, a 20 m3/h O2 (99.9999%, 6.5 bar) injection flow rate was set up at the dairy wastewater treatment
plant in order to remove total suspended solids (TSS), chemical oxygen demand (COD) and BTA-A
and to minimize oxygen associated costs. During the sampling period, the removal of TSS and COD at
the dairy wastewater treatment plant remained between 81–98% and 82–99%, respectively, with mean
outlet concentrations of 6.5 mg/L TSS and 126 mg/L COD. This operation efficiency guaranteed the
minimization of the tax to be paid to the municipal sewage treatment plant (STP) where the treated
wastewater from the dairy is discharged. Regarding BTA-A, removal at the dairy wastewater treatment
plant was always above 97%, progressive elimination occurring at the three treatment stages, namely
neutralization under CO2 injection, oxidation under O2 injection and coagulation–flocculation at
the dissolved air flotation tank (DAF). No published results have been found on BTA or BTA based
anticorrosive agents in dairy wastewater, but, compared with data on conventional STPs, the removal
efficiency of the wastewater treatment plant here considered is quite satisfactory.
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