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INTRODUCTION

Water is an essential resource required to 
conduct human activities and achieve correct de-
velopment of life [6]. In today’s societies, water 
supply and treatment are the most important is-
sues [16]; still, in practice, less than 20% of the 
total wastewater effluents are treated before be-
ing discharged into the bodies of water [1]. The 
treatment of municipal wastewater by public and 
private sector companies remain as a fundamental 
priority [7]. Therefore, the demand of good water 
quality must be met according to the established 
environmental regulations [8]. There is a wide va-
riety of wastewater treatment systems, from the 
most sophisticated and modern ones that go at 
the forefront of technology, to the most artisanal 
and simple replicated systems of nature [18]; 
which obtain energy from natural sources, such 

as aquatic plants [12]. The process of wastewa-
ter purification by using aquatic plants or floating 
macrophytes has been imposed on conventional 
technology treatments [17]. Natural treatments 
carried out by unconventional purification sys-
tems have demonstrated high rates of efficiency 
in wastewater treatment [5]. 

The purification system was developed in the 
wastewater treatment plant (WWTP) of the Al-
cas area of   the Sicaya district, which is in charge 
of the Sicaya Peasant Community. According to 
the records, the WWTP started operation in 2009 
without appropriate conditions and kept running 
during the first two years. However, at the be-
ginning of 2011, the WWTP had been observed 
for deficiencies in the operation due to the lack 
of trained personnel and maintenance. In June 
2016, through a diagnosis, the WWTP was evalu-
ated in order to correct the deficiencies and start 
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ABSTRACT
The objective of the study was to optimize the operation of the municipal wastewater treatment plant (WWTP) of 
the Sicaya district with Hydrocotyle ranunculoides. The relative growth rate of the macrophyte was determined, in 
addition to the relationship between the population growth area and the final weight according to the number of days 
elapsed. Medium fences were implemented and the tributary and effluent of the WWTP were characterized physi-
cochemically and microbiologically. The results of the characterization corresponding to the tributary were as fol-
lows: 616 mg of TSS/L, 109.2 mg of BOD5/L, 305.4 mg of COD/L, 30.3 mg of oils and fats/L and 3 500 000 NMP 
of thermotolerant coliforms/100 ml. Owing to the implementation of two medium grids, large suspended sol-
ids were retained. The highest efficiency of COD removal with respect to the growth area of H. ranunculoides 
(2 226.96 m2) was 81.53%. While the efficiency of removal of thermotolerant coliforms was 79.2% at a water 
temperature of 12.32°C . Using the operational optimization model in the WWTP with H. ranunculoides, an area 
of 3 291.67 m2 of macrophyte population growth was achieved with a removal efficiency of 93.71% COD and an 
area of 3 591.67m2 to remove 79.95% of the thermotolerant coliforms at a temperature of 13°C.
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it up again to carry out an optimization study of 
wastewater treatments with the incorporation of 
macrophytes. In this context, the objective of this 
study was to optimize the operation of the mu-
nicipal wastewater treatment plant (WWTP) with 
the Hydrocotyle ranunculoides macrophyte in the 
Alcas area of   the Sicaya district, Huancayo, Perú.

METHODOLOGY 

Study area 

The study area is located on the right bank 
of the Mantaro River at 3 355 m asl, north of the 
city of Huancayo, Junín department in Peru. Its 
surface extends on the crest of a geological fault, 
in the middle of the alluvial plains that form a pla-
teau, with a beautiful landscape framed in three 
staggered sections. The lower section of the dis-
trict consists of a small forest, the Mantaro River 
and some springs; the middle section comprises 
the center of town, where most of the population 
is concentrated, and the upper section by fertile 
fields. It has an area of 50 km2, bordered by the 
district of Orcotuna on the north, the Mantaro 
River on the east, the district of Pilcomayo and 
the province of Chupaca on the south as well as 
the districts of Huachac, Huayao and Aco on the 
west. Its climate is typical of the Yunga mountain 
range, varying its environmental temperature in 
average between 9º C and 18º C (figure 1).

Pre-experimental part

In order to evaluate the population growth of 
the Hydrocotyle ranunculoides, a pre-experiment 

was developed in order to find the relative growth 
rate (RGR) of the H. ranunculoides macrophyte, 
based on the study conducted by Hussner & 
Lösch [9]. The calculation was based on the final 
weight (Fw) and initial weight (Iw) of the bio-
mass [14]. The area (A) of population growth of 
H. ranunculoides had been evaluated, and then 
the Wf and A relationship was determined. The 
investigation was performed for ten growth con-
trol points (GCP) and area control points (ACP).

Determination of the final weight to 
determine the relative growth rate

The assessment of macrophyte growth was 
based on the growth assessment principles of 
H. ranunculoides from the research of Hussner 
and Lösch [9]. For this purpose, 10 modules with 
dimensions of 40 cm long, 30 cm wide and 25 cm 
deep were used, in which samples of 250 grams 
of macrophytes H. ranunculoides respectively 
were placed. The H. ranunculoides macrophytes 
from each growth control point were removed ev-
ery 7 days, these samples were exposed to the sun 
for three days in order to decrease the amount of 
water. On the fourth day, it was dried at a tem-
perature of 150°C for a period of 24 h.

Determination of the relative growth rate

The relative growth rate was determined 
based on the dry weight of the H. ranunculoides 
biomass, through equation 1 [19], where Fw, is 
the final weight of the biomass; Iw, initial weight 
of biomass and t, time in days.

𝑅𝑅𝑅𝑅𝑅𝑅 = (lnFw − lnIw)
t  (1)

Figure 1. Location of the wastewater treatment plant (WWTP) Alcas – Sicaya
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The initial fresh weight of the macrophytes 
was 250 g and dry 7.49 g, for each module. This 
initial dry weight represents week zero for the ten 
growth control points (GCP) of the macrophyte, 
which were weighed every seven days. This 
methodology was applied so that the adaptation 
time of macrophytes is not altered [10].

Determination of the final weight from the 
relative growth rate 

The determination of the final dry weight val-
ue of the macrophytes from the growth control 
points was made from equation 1 from which Fw 
is cleared, and thus will be a function of the RGR, 
initial weight (Iw) and the number of days (t) [4]. 
The following equation is obtained:

𝐹𝐹𝑤𝑤 = 𝐼𝐼𝑤𝑤 ∗ 𝑒𝑒(𝑅𝑅𝑅𝑅𝑅𝑅∗𝑡𝑡) (2)

Determination of the population 
growth area of   the macrophyte

The initial area occupied by the macrophytes 
in the modules was 30.39 cm2 which corresponds 
to week zero, the same for the ten area control 
points (ACP). From the results of the population 
growth area (A) of the macrophytes, a relation 
between Fw and A was established, from which 
the macrophyte growth area was determined over 
a period of 240 days with 30 day intervals in the 
optional stabilization lagoon of the WWTP of the 
Alcas area of   the Sicaya district.

Experimental part

Wastewater characterization of the 
wastewater treatment plant

The tributary monitoring was according to the 
protocol for monitoring the effluents of the do-
mestic or municipal wastewater treatment plants, 
R.M. N ° 273–2013- Peru Housing, specifying the 
point that enters the WWTP, located in the dis-
tribution box as point of monitoring 1 (PM-01). 
The characterization analyses were performed for 
the following parameters: total suspended solids, 
BOD, COD, oils and fats, and thermotolerant 
coliforms. 

Implementation of medium bars for the 
retention of suspended solids

The implementation of the medium bars was 
carried out within the channel after the bypass of 
the preliminary treatment. The design is based 
on the technical standard OS.090 of wastewater 
treatment plants.

Determination of the population growth area 
of   the macrophyte Hydrocotyle ranunculoides

The determination of the population growth 
area of   the macrophyte H. ranunculoides in the 
facultative type stabilization lagoon was obtained 
from the ratio of the final weight (Fw) and area 
(A) of the population growth of the macrophyte 

Figure 2. Growth control points of Hydrocotyle ranunculoides macrophytes (GCP-01, 
GCP-02, GCP-03, GCP-04, GCP-05, GCP-06, GCP-07, GCP-08, GCP-09, y GCP-10)
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H. ranunculoides of the pre-experimental part. 
The evaluation of the population growth area of   
this macrophyte was carried out for each stabi-
lization lagoon, this was determined through the 
calculations made for the RGR determination, in 
the pre-experimental part.

Wastewater monitoring of the treatment 
plant 

The sample was taken at two points, the first 
point is located in the distribution box (PM-01) 
and the other point at the WWTP discharge be-
fore mixing with the waters of the receiving body 
(PM-02), shown in figure 3. The monitoring pe-
riod was 240 days between November 2016 and 
June 2017. The samples were collected in ster-
ile transparent plastic containers of one liter for 
COD, 250 milliliters for thermotolerant coliforms 
adding their preserver (thiosulfate 10%). Once the 
sampling was finished, they were refrigerated in a 
cooler with ice pack bags and protected with bub-
ble bags in order to keep the samples for analysis. 

The temperature measurement was conduct-
ed at each of the monitoring points through the 
mesh method, based on R.J. 010–2016-ANA. 
Four monitoring points were established PMT-
01, PMT-02, PMT-03 and PMT-04, which were 
monitored one week for each month before the 
wastewater monitoring, at three times with a four-
hour interval: 8:00 12:00 and 16:00 h per day.

Data processing to determine the 
optimization operation of the wastewater 
treatment plant

The optimization of the WWTP is a function 
of the COD removal efficiency and thermotoler-
ant coliform parameters, for this purpose it was 
necessary to determine the objective functions 
that are a function of temperature and popula-
tion growth area of   the macrophytes, thus being 
the independent variables. Statistical analysis 
tools (Minitab and Matlab software) were used 
to evaluate the optimal values   of the independent 
variables.

Figure 3. Municipal wastewater sampling points of the wastewater treatment plant
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RESULTS 

Pre-experimental phase

Determination of the Relative Growth Rate (RGR) 
of Hydrocotyle ranunculoides

The RGR of macrophyte H. ranunculoides 
was determined at 10 Growth Control Points 
(GCP) over a period of 70 days, where the final 
dry weight was calculated in modules every seven 
days. Table 1 shows the evolution of the growth 
of the macrophyte biomass.

Next, the RGR of the macrophyte was deter-
mined with equation 1 and the data in Table 1. For 
example, we determined the RGR for 56 days, 
where the initial dry weight (Iw) is 7.49 g and 
the final dry weight (Fw) is 41.80 g replacing the 
data we have: 

𝑅𝑅𝑅𝑅𝑅𝑅 =
(ln 41.80 − ln 7.49)

56 = 0.0307 (3)

Where Iw: dry mass weight at the beginning,
 Fw: dry mass weight at the end in the 

modules. Finally, the RGR of H. ranuncu-
loides was determined obtaining 0.0307,   
as shown in Table 2.

Determination of the population growth 
area of   Hydrocotyle ranunculoides

The population growth area of   the Hydrocot-
yle ranunculoides macrophyte was determined at 
10 Area Control Points (ACP) over a period of 
70 days over a seven-day interval. Table 3 shows 
the evolution of the population growth area of   the 
macrophyte.

Determination of the ratio of final weight and 
area of    Hydrocotyle ranunculoides macrophyte 
population growth from the modules

From Table 3, equation 3 was determined, 
which was found through a non-linear regression 
with the Minitab program, which is as follows: 

𝐴𝐴 =  4563.39 ∗ 𝐹𝐹𝐹𝐹
1116.51 + 𝐹𝐹𝐹𝐹 (4)

Experimental phase

Wastewater characterization of the Sicaya WWTP

The characterization of the five main param-
eters of wastewater that entered the WWTP was 
carried out.

The characterization of the wastewater enter-
ing the Sicaya WWTP revealed that these values   
are above the environmental quality standards 
established for the domestic wastewater in dis-
charge sources.

Implementation of medium bars for the retention 
of suspended solids

Medium grilles were implemented accord-
ing to OS.090 technical standard of wastewa-
ter treatment plants. The design of the bars was 
developed with Excel software, in which some 
considerations were taken, explained in Table 5. 
The gate chamber that initially had the WWTP 
of the Alcas site was efficient due to the loss of 
loading on the bars because of its obstruction 
resulting from the lack of cleaning, which was 
very frequent and consequently the lagoons of 
the WWTP presented large solid waste such as 

Table 1. Results of the growth weights of the 
Hydrocotyle ranunculoides in 70 days

Time (days) GCP Final weight (g)
0 - 7.49
7 GCP-01 8.38

14 GCP-02 9.73
21 GCP-03 11.92
28 GCP-04 16.68
35 GCP-05 21.56
42 GCP-06 27.10
49 GCP-07 33.70
56 GCP-08 41.80
63 GCP-09 51.90
70 GCP-10 64.30

Table 2. Determination of the RGR of the 
Hydrocotyle ranunculoides macrophytes

Time (days) Iw (g) Fw(g) RGR
0 7.49 7.49 -
7 7.49 8.38 0.0162

14 7.49 9.73 0.0187
21 7.49 11.92 0.0221
28 7.49 16.68 0.0286
35 7.49 21.56 0.0302
42 7.49 27.10 0.0306
49 7.49 33.70 0.0307
56 7.49 41.80 0.0307
63 7.49 51.90 0.0307
70 7.49 64.30 0.0307
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bottles, diapers, inorganic remains, etc., making it 
difficult to treat the municipal wastewater. When 
the grating chamber was implemented, the large 
suspended solids were removed.

Population growth area of   Hydrocotyle 
ranunculoides with the removal efficiency of 
organic matter and thermotolerant coliforms

Table 6 shows the results of the COD and 
thermotolerant coliforms (TC) parameters ob-
tained every thirty days. The highest COD re-
moval efficiency with respect to the growth area 
of   H. ranunculoides (2 226.96 m2) was 81.53%. 
These results are very close to those obtained by 
Kouki and others [11] who reported that the COD 
removal efficiency was 89%. This is due to the 
type of debugging treatment each system has. In 
the present study, the treatment was performed 
in facultative type stabilization lagoons with the 
Hydrocotyle ranunculoides, in contrast with the 
other study that was carried out in wetland mod-
ules with macrophytes Phragmites australis and 
Typha orientalis [20]. Nevertheless, it should be 
noted that there are macrophytes with a higher 
percentage of organic matter purification than 
others, according to the studies and experiments 
carried out [12].

Regarding the removal efficiency of thermo-
tolerant coliforms in the area of   2 226.96 m2

, the 
population growth of H. ranunculoides macro-
phytes was 79.20%; which indicates that mac-
rophytes are highly efficient with respect to the 
removal of this parameter, while in the study by 
Sartori et al. [15] who worked with constructed 
wetlands, a greater removal efficiency of 99.0% 
was achieved; this results from the different treat-
ment systems that are used which differ in respect 
to their ability to remove of each macrophyte in-
fluenced by the meteorological variations [13].

The obtained results were processed with 
Excel for 240 days, measured seven days prior 
to the municipal wastewater analysis. From the 
monitored temperatures, it is observed that the re-
moval efficiency of COD and thermotolerant co-
liforms are affected. When the temperature rises, 
the removal rate for both parameters increases 
[3]. Nevertheless, the highest percentage of re-
moval of COD and thermotolerant coliforms was 
at an average temperature of 12.32°C, as shown 
in Table 7. This means that at a higher tempera-
ture there is a higher percentage of removal, but 
it can be seen that it tends to decrease at the sixth 
and seventh sampling due to the limited capac-
ity of macrophyte development. Initially seeded 

Table 3. Results of the area control of    Hydrocotyle 
ranunculoides macrophyte population growth

Time (days) ACP A (cm2)
0 - 30.39
7 ACP-01 34.01

14 ACP-02 38.97
21 ACP-03 48.19
28 ACP-04 67.16
35 ACP-05 86.44
42 ACP-06 108.14
49 ACP-07 133.70
56 ACP-08 164.68
63 ACP-09 202.70
70 ACP-10 248.50

Table 4.Characterization of the tributary of the 
WWTP during the development of the project

Sample identification PM-01
Total solids (mg/l) 616
BOD5 (mg/l) 109.2
COD (mg/l) 305.40
Oils and fats (mg/l) 30.3
Numbering of Thermotolerant Coliforms 
(NMP/100ml) 3 500 000

Source: SGS Laboratory of Perú

Table 5. Design parameters of medium bars

Parameters Dimensions
Qmin 0.013 m3/s
Qprom 0.022 m3/s

Qmáx (Q) 0.0258 m3/s
Inclination angle: OS-090 <45°-60°> 60°

Bar thickness (e) 0.0075 m
Bar spacing (a) 0.026 m

Bar efficiency E=(a/(e+a)) 0.78
Approach speed (Vo) <0.3–0.6> 0.50 m/s

Channel Width (b) (measured in field) 0.40 m
Number of bars 14

Table 6. COD removal efficiency of the WWTP, 
every thirty days

Days Area %  COD 
Removal

% CT 
Removal

30 106.58 45.00 45.00
60 259.07 60.00 50.30
90 599.00 73.72 52.45

120 1 255.35 79.07 53.80
150 2 226.96 81.53 79.20
180 3 218.91 81.27 78.17
210 3 912.75 80.63 78.00
240 4 280.04 75.00 77.37
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macrophytes have a high reproductive life cycle 
of five to six months, later this cycle is reduced 
due to the limited area for the expansion of 
nascent macrophytes.

Determination of the optimization of the 
removal efficiency of COD and thermotolerant 
coliforms in the wastewater treatment plant

The process of optimizing the operation of 
the WWTP is based on the efficiency of COD 
and thermotolerant coliforms removal based on 
the temperature and population growth area of   
H. ranunculoides. For this purpose, the optimi-
zation equation was determined with the moni-
tored data shown in Table 8, using the Minitab 
and Matlab Software.

With the data in Table 8 (temperature, growth 
area of   H. ranunculoides and percentage of COD 
and TC removal), linear regression was devel-
oped in the Minitab software, where the follow-
ing equations were obtained:

% 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 =  −1465 + 280 ∗ 𝑇𝑇 − 0.149 ∗ 𝐴𝐴 + 0.0145 ∗ 𝑇𝑇 ∗ 𝐴𝐴 − 12.7 ∗ 𝑇𝑇2 − 0.000006 ∗ 𝐴𝐴2 

% 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 =  −1465 + 280 ∗ 𝑇𝑇 − 0.149 ∗ 𝐴𝐴 + 0.0145 ∗ 𝑇𝑇 ∗ 𝐴𝐴 − 12.7 ∗ 𝑇𝑇2 − 0.000006 ∗ 𝐴𝐴2 
(5)

% 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹. 𝑻𝑻𝑻𝑻𝑻𝑻. =  −1794 + 358 ∗ 𝑇𝑇 − 0.205 ∗ 𝐴𝐴 + 0.0224 ∗ 𝑇𝑇 ∗ 𝐴𝐴 − 17.38 ∗ 𝑇𝑇2 − 0.000012 ∗ 𝐴𝐴2 

% 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹. 𝑻𝑻𝑻𝑻𝑻𝑻. =  −1794 + 358 ∗ 𝑇𝑇 − 0.205 ∗ 𝐴𝐴 + 0.0224 ∗ 𝑇𝑇 ∗ 𝐴𝐴 − 17.38 ∗ 𝑇𝑇2 − 0.000012 ∗ 𝐴𝐴2 

% 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹. 𝑻𝑻𝑻𝑻𝑻𝑻. =  −1794 + 358 ∗ 𝑇𝑇 − 0.205 ∗ 𝐴𝐴 + 0.0224 ∗ 𝑇𝑇 ∗ 𝐴𝐴 − 17.38 ∗ 𝑇𝑇2 − 0.000012 ∗ 𝐴𝐴2 

(6)

Table 7. Municipal wastewater temperatures and 
the removal efficiency of COD and thermotolerant 
coliforms (TC)

T (°C) % COD Removal % CT Removal

9.67 45.00 45.00

10.00 60.00 50.30

11.50 73.72 52.45

12.17 79.07 53.80

12.32 81.53 79.20

13.03 81.27 78.17

13.10 80.63 78.00

13.20 75.00 77.37

Table 8. Temperature, growth area of   Hydro-
cotyle ranunculoides and percentage of COD 
removal and thermotolerant coliforms (TC)

T (°C) Area (m2) % COD 
Removal

% TC 
Removal

9.67 106.58 45.00 45.00
10.00 259.07 60.00 50.30
11.50 599.00 73.72 52.45
12.17 1255.35 79.07 53.80
12.32 2226.96 81.53 79.20
13.03 3218.91 81.27 78.17
13.10 3912.75 80.63 78.00
13.20 4280.04 75.00 77.37

Figure 4. Optimization lines of COD removal percentage at different temperatures
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Then, using the Matlab software the optimiza-
tion lines evaluated at different temperatures were 
determined from equations 4 and 5, as shown in 
Figures 4 and 5. From Figure 4, it can be affirmed 
that the optimal percentage of COD removal is 
93.71%, which is achieved with a population 
growth area of   the H. ranunculoides macrophyte 
of 3 291.67 m2 at a temperature of 13°C. On the 
other hand, according to Figure 5, we affirm that 
the optimal percentage of removal of thermo-
tolerant coliforms is achieved with a population 
growth area of   the macrophyte of 3 591.67 m2 at 
a temperature of 13°C.

CONCLUSIONS

The municipal wastewater treatment plant in 
the Alcas area of   the Sicaya district, Huancayo, 
implemented with the Hydrocotyle ranunculoi-
des macrophyte, demonstrated a COD removal 
efficiency of 81.53% and 79.2% thermotolerant 
coliforms, evaluated at a temperature of 12.32°C.

The optimization model for the prediction of 
COD removal efficiency resulted in 93.71% for 
a population growth area of   the macrophyte of 3 
291.67 m2. On the other hand, the prediction of the 
efficiency of removal of thermotolerant coliforms 
was 79.95% for a population growth area of   the 
macrophyte of 3 591.67 m2. Both optimization 
models were evaluated for a temperature of 13°C.
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