* water

Article

Optimizing Nitrogen and Phosphorus Removal from Wastewater
in the Context of a Sustainable Economy

Oana Irimia !

check for
updates

Citation: Irimia, O.; Gaspar, E.;
Stanciu, M.; Mosnegutu, E.; Barsan, N.
Optimizing Nitrogen and Phosphorus
Removal from Wastewater in the
Context of a Sustainable Economy.
Water 2024, 16, 1585. https:/ /doi.org/
10.3390/w16111585

Academic Editors: Christos S. Akratos
and Jixiang Yang

Received: 23 April 2024
Revised: 29 May 2024

Accepted: 30 May 2024
Published: 31 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Eniko Gaspar 2,#(), Mirela Stanciu

2 1

, Emilian Mosnegutu 1**(© and Narcis Barsan

Department of Environmental end Mechanical Engineering, Faculty of Engineering, “Vasile Alecsandri”
University of Bacau, Calea Marasesti 156, 600115 Bacau, Romania; oana.tartoaca@ub.ro (O.L);
narcis.barsan@ub.ro (N.B.)

Faculty of Agricultural Sciences, Food Industry and Environmental Protection, “Lucian Blaga”
University of Sibiu, 550024 Sibiu, Romania; mirela.stanciu@ulbsibiu.ro

*  Correspondence: eniko.gaspar@ulbsibiu.ro (E.G.); emos@ub.ro (E.M.)

Abstract: In the context of ever-increasing water demand and pressures on natural resources, ef-
ficient water management is becoming a major priority for contemporary society. Since nitrogen
and phosphorus, as essential nutrients, play a crucial role in the dynamics of aquatic ecosystems,
but excessive concentrations can cause eutrophication of receptors, they need to be eliminated as
completely as possible while respecting the principles of a sustainable economy, efficiency, and
quality. In this study, the efficiency of optimizing the technological process of wastewater treatment
by dosing FeClz 40% solution to reduce nitrogen and phosphorus concentrations in treated water
was investigated. The results obtained revealed that the use of this type of flocculant resulted in an
increase in the efficiency of the removal process of total N by an average of 35.57 mg/L and total P by
an average of 3.89 mg/L. Also, the results, which are interpreted by mathematical modeling, show
that the optimal use of FeClz 40% solution leads to a significant reduction in pollutants, well below
the maximum permitted values (according to Romanian regulations, the maximum value for total
phosphorus is 2 mg/L and total nitrogen is 15 mg/L for localities with a population between 10,000
and 100,000 inhabitants). This technical approach not only improves the quality of treated water
but also contributes to minimizing the impact on aquatic ecosystems and promotes the principles of
circular economy in water resource management. By optimizing the dosage of FeClz 40% solution in
the treatment process, the efficiency of the coagulation and flocculation processes is maximized, thus
providing a viable and sustainable solution for reducing the environmental impact of nitrogen and
phosphorus and promoting responsible and sustainable water resource management.

Keywords: treated wastewater; nitrogen and phosphorus; FeCls 40% solution; statistical analysis

1. Introduction

Biogenic products from sewage treatment plants can be used as organic fertilizers [1-3].
They contain essential plant nutrients such as nitrogen, phosphorus, and potassium, as
well as other trace elements and organic substances that can improve soil fertility [4,5]. By
applying these organic fertilizers, efficient management of organic waste and sustainable
use of resources can be achieved, helping to reduce reliance on chemical fertilizers and
promote more sustainable and environmentally friendly agriculture [6-9]. The use of these
biogenic products as fertilizers can also help to close the nutrient cycle and incorporate
them into a circular system [4,6,10,11].

The search for efficient solutions for recycling and reuse of resources, as well as the
development of more sustainable and efficient technologies, can lead to significant improve-
ments in wastewater treatment processes [11-15]. In this regard, the literature presents
various opportunities that can contribute to significant improvements in wastewater treat-
ment processes [12,16-20]. Life cycle analysis, sewage sludge recovery, reuse of treated
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water, or optimization of treatment processes are just a few examples of good practices that
are currently successfully applied in wastewater treatment plants [21,22].

Nutrients such as phosphorus and nitrogen can be recovered from treated wastewater
and used in agriculture or other industrial processes [23]. These substances are essential
for soil fertilization and can replace chemical fertilizers obtained from non-renewable
sources [23]. In their study, Dereszewska and Cytawa developed a spreadsheet to determine
the nutrient content (P and N) of wastewater and biomass at each stage of the treatment
line and estimated the amount of readily available nutrient-rich organic matter that can be
returned to the environment as organic fertilizer [24]. Also, the reuse of nutrients recovered
from wastewater has a very positive impact on the environment; primarily, it prevents
water bodies from discharging excess nutrients (eutrophication) [2,6,8,25].

From the study of potential sources of highly polluting substances, nitrogen and
phosphorus are nowadays a constant presence in wastewater from both the population
and industry [3,6,26]. Household wastewater usually has both nitrogen and phosphorus
compounds, mainly due to the widespread use of detergents and dissolvable solutions in
domestic drinking water [2,3,27,28].

Domestic wastewater also contains more phosphorus than is necessary for the nutrient
balance of the water, which can contribute substantially to eutrophication and therefore
needs to be removed by physical-chemical treatment [16].

According to the Treaty of Accession to the European Union, Romania has undertaken
obligations involving significant investments in the water and sewage sector so that drink-
ing water complies with the quality indicators imposed by the European Union, and by
2018, wastewater collection and treatment will be carried out in 2346 urban agglomerations
with a population between 2000 and 10,000 [29].

In the framework of this study, the monitoring of raw and treated wastewater was
carried out at the Dumbraveni Wastewater Treatment Plant (WWTP), which is located
within the urban area of the locality, on a 25,869 sq.m. plot on the right bank of the
Tarnava Mare river.

The Dumbraveni WWTP (Figure 1) is designed for a relatively small number of
inhabitants (7100 LE), and in the first instance, only the removal of organic and suspended
matter was considered. According to NTPA-001 (HG188/2002, Annex 1, Table 2), for
settlements with an equivalent population of less than 10,000 LE, both total phosphorus and
total nitrogen are not required [30], but physical, chemical, biological, and bacteriological
characteristics must comply with the values specified in NTPA-002 [31].

Figure 1. Dumbraveni Wastewater Treatment Plant.

Increasingly stringent European Union requirements, which are or are to be imple-
mented in Romania, impose strict limits for nitrogen (total or ammoniacal) as well as
phosphorus [30,31].
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The monitoring of total nitrogen and total phosphorus quality indicators was addi-
tionally carried out, meeting the quality conditions imposed by the regulations in force on
water protection since the technological process of the Dumbraveni WWTP, with rotating
biological contactors, has less than 10,000 LE.

In the present study, the influence of FeCl3 40% solution on the removal efficiency of
total nitrogen and total phosphorus was analyzed [32]. Indicators were monitored in the
year 2021 when FeCl3 40% solution dosing of concentration 40% was not applied and in
years 2022 and 2023 when FeCl3 40% solution dosing was applied.

The objective of this work was to evaluate the parameters of wastewater treated by
biological treatment, paying special attention to the monitoring of total nitrogen and total
phosphorus as important quality indicators.

2. Materials and Methods

The dosage of the coagulant FeClz 40% solution for phosphorus and nitrogen removal
was calculated based on the average values of the physicochemical indicators (biochemical
oxygen consumption, total phosphorus, and total nitrogen) and the average daily flow
during the study years. During the study period, FeClz 40% solution was dosed at the inlet
to the biofilters after primary settling, always taking into account the values of the input
parameters to the treatment plant.

FeCl; 40% solution performs several functions in wastewater treatment (California
Water Technologies, Santa Fe Springs, CA, USA) [33]:

1. Itreacts with and precipitates soluble phosphates.

2. It reacts with the alkalinity of water to form iron hydroxide, which acts as both
a coagulant and flocculant, facilitating the settling of suspended solids, including
precipitated ferric phosphate.

Additional dosing of an anionic polymer (polyelectrolyte) further enhances floccula-
tion and sedimentation.

Excess ferric ions that have not reacted with phosphate will bind to soluble sulfites
(forming an insoluble ferrous sulfite precipitate that has the secondary advantage of reduc-
ing odor) and various organic compounds contained in wastewater.

The following parameters were monitored in wastewater analyses: COD (chemical
oxygen demand), BOD5 (biochemical oxygen demand determined at 5 days), total nitrogen,
total phosphorus, and total suspended solids.

In this context, total nitrogen and total phosphorus were studied in detail as the
most sensitive parameters (the determinations were made using the following equip-
ment: Spectroquant UV-VIS—Xylem Analytics, Germany and Thermoreactor CR2200-
Wissenschaftlich Technische Werkstatten, Weilheim, Germany), while the others were the
indicators considered in the design of the treatment plant.

For laboratory analysis, the samples were taken in polyethylene containers, with the
volume taken for analysis being two liters of wastewater. The flasks were filled to the top to
limit sample contact with the gas phase and reduce agitation during transport. Sealing the
stopper thus avoids several transformations that can occur in the sample, such as changes
in carbon dioxide content and pH variations; prevents hydrogen carbonates from changing
into insoluble carbonates; reduces the likelihood of iron (II) oxidation; and reduces the
tendency for color change.

The identification system has been designed and implemented to ensure that the sam-
ple cannot be confused physically or in records from the time of collection and throughout
its storage in the laboratory for analysis. The sample vials and working bottles were marked
with numbers that corresponded to the different samples at the time of collection. These
identifiers were then recorded in the records of the working steps.

Samples were received based on the accompanying sampling notes. At the reception,
the following were taken into account: the integrity of the sample, the correct identification
of the sample, and whether the container meets the requirements of the sample collection
standard. The handling of the samples was carried out in such a way as to avoid the
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possibility of impurification or chemical contamination. Storage of samples was carried
out in the refrigerator when the laboratory schedule did not allow for immediate analysis.
Sampling and preservation of samples were carried out in the laboratory.

Sampling was carried out according to the standard for wastewater sampling (SR ISO
5667-10/1994—Water quality) [34].

The determination of physico-chemical parameters relevant to the efficiency of the
treatment plant operation was carried out according to the standardized methods presented
in Table 1.

Table 1. Analytical standard used for physical-chemical analysis.

No. Parameter Analysed Standard of Analysis

. Method WTW Ntot TC LR
1 Total nitrogen (TN) 251995, PO-09 [35]

2 Total phosphorus (TP) SR EN ISO 6878 /2008 [36]

The determination of the dosage amount of FeClz 40% solution coagulant for wastew-
ater treatment at the Dumbraveni wastewater treatment plant was performed by laboratory
tests using the Jar Test method.

The Jar Test method is a laboratory procedure often used to determine the optimum
operating conditions for water treatment or wastewater treatment. This method allows pH
adjustments, variations in coagulant dosage, alternating mixing speed, or testing coagulants
on a smaller scale to predict the performance of such a large-scale treatment operation.

Both the coagulant and the optimal dose depend on:

- the amount of slurry to be retained;

- thenature of the suspension;

- the degree of purification (addresses factors that influence the choice of coagulant and
optimal dosage in the wastewater treatment process);

- wastewater flow rate, etc.

Water coagulation investigations are carried out using the Jar Test method in an
apparatus consisting of a holder for 4-6 L cylinders, into which the water to be studied
is introduced, together with known doses of coagulant, varying, for example, from 5 to
5 mg/dm?.

The apparatus has a motor for stirring the samples. At first, for 3 to 5 min—the time
needed to mix the coagulant with the water in the cylinders—the samples are stirred at
a high speed (= 150 rpm), then at a lower speed (40-50 rpm) for about 5 min—the time
needed to flocculate the suspensions. Then, for 30 min, the contents of the cylinders are
allowed to sediment, and the turbidity of the clarified water (supernatant) is determined
(turbidimeter type Hach 2100P—Hach Company, Loveland, CO, U.S.A.). The sample with
the lowest turbidity determines (turbidimeter type Endress Hauser Turbimax CUS51D—
Endregess + Hauser, Germany) the optimum coagulant dose (2022 and 2023).

3. Results and Discussion

Figures 2 and 3 show the values for total nitrogen and total phosphorus in influent and
effluent from the biological treatment process, both in years when FeCls 40% solution was
not dosed and in years when dosing was carried out. The values shown in these figures
are represented by the maximum permissible concentration (MCA) in the effluent (values
indicated by legal norms) [30,31].
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Figure 2. Evolution of total nitrogen concentration compared to the year in which FeCl3 40% solution

was not dosed and the years in which dosing was carried out: (a) influent; (b) effluent.
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Figure 3. Evolution of total phosphorus concentration compared to the year in which FeCl; 40%

solution was not dosed and the years in which dosing was carried out: (a) values corresponding to

the influent; (b) values corresponding to the effluent.

According to the data presented in Figure 2, the following conclusions can be drawn:

For the year 2021, the lowest value of total N removed from influent was 8 mg/L
(corresponding to February), and the highest was identified for September and was
46.10 mg/L.

In the case of 2022, the lowest total N value removed was 26.56 mg/L (for October)
and the highest was 44.44 mg/L (for March).

The lowest amount of total N removed from influent identified for the year 2023 was
29.82 mg/L (August), and the highest was 43.15 mg/L (June).

The data analysis shows that with the improvement of the method, the minimum
amount of total N removed in the process of wastewater treatment in the Dumbraveni
Wastewater Treatment Plant has increased from year to year, reaching in the last
year under analysis to be 272.75% more efficient than the first year. Looking at the
maximum value of total N removed, it can be seen that it decreased in the last year
compared to the first by 6.39%.

Several conclusions can also be drawn from the analysis of the data in Figure 3:

Referring to the minimum value of total P removed from the influent, a value of
0.75 mg/L was obtained in 2021, for 2022 a value of 2.06 mg/L, and for 2023 a value
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of 2.23 mg/L. An increase of 197.33% was identified in the last year compared to the
first year.

- Referring to the maximum values of total P removed from the influent, a value of
3.9 mg/L was obtained in 2021, for 2022 a value of 5.99 mg/L, and for 2023 a value of
4.5 mg/L. A fluctuation in the efficiency of the total P removal process was identified,
with the greatest increase of 53.58% being obtained in 2022 compared to the first year.

The data presented in Figures 2 and 3 lead to the conclusion that the use of a FeClz 40%
solution in the wastewater treatment process results in a significant improvement of this
process, in particular by increasing total nitrogen and total phosphorus removal efficiency
(the dose of FeCls 40% solution was 6-7 L/day).

The basic theory underlying this, which has been confirmed in practice—through
measurements carried out—assumes that the addition of a FeCls 40% solution to the water,
without changing the design and operating parameters of the treatment plant, stimulates,
through the presence of ferric ions, the development of the microbiota responsible both for
nitrification and denitrification and for the removal of phosphorus and other pollutants.

To verify this hypothesis and thus determine the extent to which the application of
FeClz 40% solution influences the efficiency of treatment, statistical data were selected,
systematized, and analyzed from measurements taken in the year before the use of FeCl;
40% solution in the treatment plant and during the two years in which this solution
was applied.

Thus, based on the records of monthly averages of influent and effluent total nitrogen
and phosphorus, an efficiency was calculated, representing the monthly averages of the
removal efficiencies of these two pollutants over the three years. The parameter values are
shown in Table 2. The table contains the values for the period before the use of the FeCl;
40% solution, the year 2021, and for the period when the FeCl; 40% solution was used, the
years 2022 and 2023.

Table 2. Monthly averages of purification efficiency.

Total Nitrogen Removal Efficiency (%) Total Phosphorus Removal Efficiency (%)

Month
2021 2022 2023 2021 2022 2023
1 42.9 75.9 73.7 44.3 66.2 70.3
2 229 77.9 74.5 46.2 52.7 51.3
3 32.3 80.3 75.0 40.2 56.6 61.8
4 42.9 80.8 81.0 23.1 67.4 43.1
5 23.7 78.3 75.2 37.5 75.2 435
6 45.5 72.8 78.8 43.4 70.6 56.3
7 51.3 739 75.1 52.0 68.3 50.1
8 51.9 73.2 72.7 46.3 58.2 60.0
9 61.5 71.3 76.1 27.6 68.6 69.2
10 50.0 68.5 79.3 17.4 74.3 64.4
11 35.3 71.0 75.7 30.9 64.8 62.8
12 66.2 71.7 78.7 48.4 63.1 55.6
Average 43.8 74.7 76.3 38.1 65.5 57.4

A preliminary analysis is a comparative analysis of the evolution of this parameter
over the 12 calendar months of each year, based on the following graphs (Figures 4-6).
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Figure 6. Graphical representation of average annual treatment efficiency.

The graph on the evolution of nitrogen removal confirms a clear and significant
increase in the parameter after the application of FeClz 40% solution, from an annual
average of 43.8% to over 76.3%. It can also be seen that, in 2021, the values fluctuated
around the average by more than 20 points, while in 2022 and 2023, the evolution generally
stabilized in the range of 68.5-81%.

A significant increase in purification efficiency is also observed for phosphorus, from
an annual average of 38.1% to values reaching levels of 57.4-65.5% after application of
the FeCl; 40% solution. In contrast to nitrogen, in the case of phosphorus, fluctuating
developments of the parameter were observed both in 2021 and in 2022 and 2023. The
graph can confirm that, for the most part, when comparing the same calendar months, they
had opposite directions.

The annual evolution of the removal efficiency of these pollutants is eloquently illus-
trated in Figure 6.

The graph shows a significant, strong increase in efficiency for both pollutants in 2022
compared to 2021, i.e., with the use of FeCl; 40% solution in wastewater. In the next stage
(year 2023), total nitrogen removal efficiency increases slightly, while total phosphorus
removal efficiency shows a small but not insignificant decrease and remains well above the
level of 2021.

Once the significant increase in removal efficiency has been demonstrated for both
pollutants, it is useful to determine both the size of the effect and other statistical indicators
explaining the influence that the use of FeCl3 40% solution has on the parameter under
analysis. To this end, the data in Table 3 (purification efficiency data for total nitrogen
removed and total phosphorus removed) are entered for analysis in the SPSS v. 17.0
(Statistical Package for the Social Sciences) application developed by IBM (New Orchard
Road Armonk, New York, NY, USA). After processing, the output will generate a series of
tables/graphs whose most important values will be presented and interpreted below.

To be subject to statistical analysis methods, the variables (efficiency, in this case)
must meet the condition of normality of distribution, i.e., no outliers or extremes. The
Kolmogorov-Smirnov test is used to verify this condition.

The result is considered statistically insignificant, with Z-values correlated with a
significance threshold of p (Sig.) > 0.05 confirming this. In other words, the efficiency
values for all periods and pollutants analyzed do not differ significantly from a normal
distribution.
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Table 3. Normality distribution test.
2021 2022 2023 2021 2022 2023
Total Total Total Total Total Total
Nitrogen Nitrogen Nitrogen Phosphorus Phosphorus Phosphorus
N 12 12 12 12 12 12
Normal Parameters &P
® Mean 43.8667 74.6333 76.3167 38.1083 65.5000 57.3667
e Std. Deviation 13.56843 3.95827 2.53694 10.95042 6.88661 9.05823
Most Extreme Differences
e Absolute 0.138 0.157 0.201 0.186 0.126 0.114
e  Positive 0.110 0.157 0.201 0.102 0.105 0.104
hd Negative 0.138 —0.129 —0.160 —0.186 —0.126 —0.114
Kolmogorov-Smirnov Z 0.479 0.543 0.695 0.643 0.437 0.396
Asymp. Sig. (2-tailed) 0.976 0.929 0.719 0.803 0.991 0.998

Notes: @ Test distribution is normal. P Calculated from data.

The statistical method used was an analysis of variance (simple ANOVA) with repeated
measurements. This involves studying, in three stages, the efficiency of the treatment plant
in removing nitrogen and phosphorus from wastewater: one stage without the use of FeCls
40% solution (2021) and two stages under the conditions of solution use (2022 and 2023).

By comparing the measurements for each calendar month, carried out in the three
stages, the effect of the FeClz 40% solution on the removal efficiency of the two pollutants
is analyzed and interpreted.

The next step involves checking whether the variable (efficiency) meets the sphericity
condition, i.e., the homogeneity of the correlation coefficients between each of the two steps.
For this purpose, we use the results of Mauchly’s Test of Sphericity (Table 4).

Table 4. Sphericity test—elimination of N.

Within Subjects , Approx. . Epsilon
Effect Mauchly’s W Chi-Square df Sig: Greenhouse— Huynh—Feldt Lower-
Geisser Bound
Efficiency N 18.218 2 0.000 0.544 0.558 0.500

For nitrogen removal efficiency, the sphericity condition in the first phase is not met,
with W =0.162 and p = 0.00 < 0.05 being statistically significant. Given this, the Greenhouse—
Geisser correction is used, with the first two Epsilon coefficients being greater than 0.500
(lower-bound). As a result, the sphericity of the data is assumed, and the analysis can
proceed. Correction means adjusting the degrees of freedom df (number of steps — 1 =3 —
1 = 2), which involves multiplying it by the correction coefficient.

In the case of phosphorus removal efficiency, the sphericity condition (Table 5) is
confirmed both by the values W = 0.907 and p = 0.612 > 0.05, which are not statistically
significant, and by the fact that one of the Epsilon coefficients is equal to 1.
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Table 5. Sphericity test—elimination of P.
Within Subjects , Approx. . Epsilon
Effect Mauchly’s W Chi-Square df Sig: Greenhouse- Lower-
. Huynh-Feldt
Geisser Bound
Efficiency_P 0.907 0.980 2 0.612 0.915 1.000 0.500

The actual interpretation of the statistical results starts with the analysis of the test
values for within-subjects effects, as presented in Tables 6 and 7. The term ‘within-subject
effects’ means, in this case, the analysis and comparison of the effects of FeClz 40% solution
for the same calendar month in three different years.

Table 6. Intra-subject effects test—N.

Type III Sum of

Source Squares df Mean Square F Sig.
Sphericity Assumed 8009.696 2 4004.848 52.152 0.000
Efficiency_N Greenhouse-Geisser 8009.696 1.088 7361.965 52.152 0.000
- Huynh-Feldt 8009.696 1.115 7181.048 52.152 0.000
Lower-Bound 8009.696 1.000 8009.696 52.152 0.000
Sphericity Assumed 1689.411 1689.411 22 76.791
Error Greenhouse-Geisser 1689.411 1689.411 11.968 141.163
(Efficiency_N) Huynh-Feldt 1689.411 1689.411 12.269 137.694
Lower-Bound 1689.411 1689.411 11.000 153.583
Table 7. Intra-subject effects test—P.
Source Type I Sum of df Mean Square F Sig.
Squares
Sphericity Assumed 4749.352 2 2374.676 23.506 0.000
Efficiency_P Greenhouse-Geisser 4749.352 1.829 2596.45 23.506 0.000
- Huynh-Feldt 4749.352 2.000 2374.676 23.506 0.000
Lower-Bound 4749.352 1.000 4749.352 23.506 0.001
Sphericity Assumed 2222.555 22 101.025
Error(Efficiency_P) Greenhouse-Geisser 2222.555 20.121 110.46
- Huynh-Feldt 2222.555 22.000 101.025
Lower-Bound 2222.555 11.000 202.05

Tables 6 and 7 contain the results of the Levene test (also called the F-test), which
compares the homogeneity of the variances. The variances must be relatively equal for
each of the three stages of the experiment. In the case of phosphorus, with the sphericity
condition being met (Sphericity Assumed), only the first row of the table is of interest. For
nitrogen, the assumption of sphericity implies the adjustment of degrees of freedom, and
the second row of the table (Greenhouse—Geisser) is considered.

Thus, in the case of nitrogen, the calculated value F (1.088; 22) = 52.152, being sig-
nificant at a threshold p = 0.000 < 0.05, indicates significant differences between the steps
analyzed in nitrogen removal efficiency. As a result, it can be stated that there is a sig-
nificant effect of the use of FeCls 40% solution on the total nitrogen removal efficiency
of wastewater, with the risk of this statement being wrong being zero (Sig = 0.000). The
same is confirmed for the evolution of total phosphorus removal efficiency by the value
F(2; 22) = 23.506, which is also significant at a safety threshold of p = 0.000 < 0.05.

To support the conclusions from the intra-subject effects tests, the contrast test is
also performed to highlight differences between the experimental steps. The contrast test
generates Tables 8 and 9.
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Table 8. Contrast test—N.

Source Eficienta N Type III Sum of Squares df Mean Square F Sig.
Efficiency N Level 1 vs. Level 2 11,359.053 1 11,359.053 42.655 0.000
y- Level 2 vs. Level 3 34.003 1 34.003 1.393 0.263
Error Level 1 vs. Level 2 2929.287 11 266.299
(Efficiency_N) Level 2 vs. Level 3 268.597 11 24.418

Table 9. Contrast test—P.

Source Eficienta P Type III Sum of Squares df Mean Square F Sig
Efficiency P Level 1 vs. Level 2 90,003.641 1 9003.641 38.063 0.000
Y- Level 2 vs. Level 3 793.813 1 793.813 5.652 0.037
Error Level 1 vs. Level 2 2602.009 11 236.546
(Efficiency_P) Level 2 vs. Level 3 1544.967 11 140.452

The values obtained indicate the following in the case of total nitrogen removal
efficiency (Table 8):

- F(1, 42,655), p = 0.000 < 0.05—there are statistically significant differences between the
Year 1 and Year 2 stages (“Level 1 vs. Level 27);

- F(1;1393), p = 0.263 > 0.05—there are no statistically significant differences between
Year 2 and Year 3 stages (“Level 2 vs. Level 3”).

In the case of phosphorus removal efficiency, we have (Table 9):

- F(1; 38,063), p = 0.000 < 0.05—there are statistically significant differences between
Year 1 and Year 2 stages (“Level 1 vs. Level 27);

- F(1;5652), p = 0.037 < 0.05—there are statistically significant differences between Year
2 and Year 3 stages (“Level 2 vs. Level 3”).

Finally, we are interested in the size of the effect of the FeCl3 40% solution on pollutant
removal from one stage to another, which is determined using the r indicator.

To be interpreted, the obtained values are related to some reference values established
by J. Cohen (Table 10).

Table 10. Reference values.

Value of r: Size of the Effect:

0.10 - thin

0.30 - medium

0.50 - strong

>0.70 - very strong
- Nitrogen:
Fcontmst \/ 42655
r _ = = =079 (1
anul2—anull \/ F(dfintergrup) + fintragrup 52.125 x 1.088 + 11.968 @

The value of 0.79 (Equation (1)) of the r coefficient leads to the conclusion that the
application of FeCl3 40% solution in the wastewater had, in the first stage of use, a very
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strong effect on increasing the nitrogen removal efficiency. Or, in other words, we state that
79% of the increase in total nitrogen removal efficiency was due to the application of the
FeCl; 40% solution.

The fact that there was no significant increase in efficiency in 2023 is due to the
tendency for its values to stabilize at a constant level while maintaining the same operating
parameters of the treatment plant, including the application of FeCl; 40% solution.

- Phosphorus:

Fory b= Feontrast _ 38063 =0.74 (2)
anute—anu F(dfintergrup) + dfintmgrup 23.506 x 2 + 22
Fcontrast 5865
Fanul3—anul2 = - =02 )
anul3—anu \/P(dfintergrup) + dfintmgrup 23.506 x 2+ 22

The value of 0.74 confirms (Equation (2)), again, that the application of FeCl3 40%
solution to the wastewater had a very strong effect on increasing total phosphorus removal
efficiency in the first stage, or that 74% of the increase in total phosphorus removal efficiency
was due to the application of FeCl; 40% solution.

In the year 2023, compared to the year 2022, we observe a weak to medium strength
effect (r = 0.29—Equation (3)), but with the caveat that the average annual efficiency
decreased compared to the previous stage by 8.1%, from 65.5% to 57.4%. The value of r in
this situation indicates that only 29% of the 8.1% decrease (i.e., 2.35 points) would be due
to the FeCl3 40% solution. Although not significantly affected, future close monitoring of
this parameter and of conditions or factors that may affect its stability is required.

Finally, an analysis is needed to reveal a possible link between total nitrogen removal
efficiency and phosphorus removal efficiency. For this purpose, a Pearson correlation
analysis of the two variables carried out for all three stages is used. Positive values of
the correlation coefficient would indicate that the removal efficiency of one pollutant
increases, to a certain extent, with an increase in the efficiency of the other pollutant, while
negative values would indicate the extent to which the increase in one pollutant is related
to a decrease in the other. This determines whether the trends of the two variables are
interdependent. The results are shown in Table 11.

Table 11. Correlations between total N removal efficiency and total P removal efficiency.

2021 (N) 2021 (P) 2022 (N) 2022 (P) 2023 (N) 2023 (P)
Eﬁ)ﬁ‘l’;‘non 1 ~0.010 1 ~0333 1 —0.287
Sig. (I-tailed) 202! (N) 0.488 2022 (N) 0145 20BN 0.183
N 12 12 12 12 12 12
gf)if‘ff?:tlon ~0.010 1 ~0.333 1 ~0.287 1
Sig. (I-tailed) 2021 (P) 0.488 2022 (P) 0.145 2023(P) 183
N 12 12 12 12 12 12

The values —0.333 and —0.287 of the coefficient, corresponding to the periods when
the FeCls 40% solution was used, indicate, at first sight, a negative correlation between
the two variables, in the sense that the increase in the removal efficiency of one pollutant
is, albeit to a small extent, related to the decrease in the efficiency of the other pollutant.
However, this statement cannot be statistically assumed because the significance thresholds
p (Sig.) = 0.145 and p (Sig.) = 0.183 are greater than 0.05, in which case the certainty of the
correctness of this conclusion falls well below the accepted level of 95.
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Therefore, from a statistical point of view, it can be argued that there is no significant
correlation between the evolution of total nitrogen removal efficiency and phosphorus
removal efficiency.

The statistical analysis shows that the lack of FeCls 40% solution dosing in the non-
dosing year indicates a reduction in total nitrogen and total phosphorus removal efficiency
compared to years when FeCl; 40% solution is used in the treatment process.

The data analysis shows a positive relationship between FeCl; 40% solution dosing
and the compliance of treated water with the maximum allowable concentrations of total
phosphorus and total nitrogen according to Regulation 001 (Romanian law) [37].

4. Conclusions

The purified wastewater following the appropriate dosing of FeCls 40% solution in
the technological process met the quality standards set for total phosphorus and total
nitrogen concentrations, highlighting the effectiveness of the proposed method. To meet
the quality requirements, a series of analyses of certain parameters must be carried out after
the treatment process (COD, BODS, total P, total N, total suspended solids, etc.), but in this
paper, we have focused on the importance of removing total nitrogen and total phosphorus.

The results validate the proposed experimental method as a viable and effective ap-
proach for sustainable management of total nitrogen and total phosphorus in the biological
treatment process, with the potential to contribute to reducing environmental impact. In
the year when FeCl; 40% solution was not dosed (2021), the total P removal efficiency was
39.32%, compared to the years when FeCl3 40% solution was dosed in 2022, when it was
66.65%, and in 2023, when it was 57.95%. The same can be said for total N, where the
efficiency in the year when FeClz 40% solution was not dosed was 46.80%, and in the years
when it was dosed, in 2022 it was 75.10% and in 2023 it was 76.46%.

Based on statistical analysis, a significant correlation was observed between the dose
of FeCls 40% solution (the optimum application dose was determined between 50 and
70 g/m3 of wastewater, values obtained in the laboratory analysis of the wastewater
treatment plant) used for total nitrogen and total phosphorus removal.

This research offers promising prospects for optimizing biological treatment processes,
with the potential to improve the performance and sustainability of wastewater treatment
systems.

As a result of this study, the treatment process implemented at Dumbraveni Wastewa-
ter Treatment Plant resulted in increased efficiency in nitrogen removal, showing a signifi-
cant increase in performance after the introduction of FeCl; 40% solution, with an increase
from about 43.8% to over 76.3% average per year.

Total phosphorus removal efficiency also improved markedly, increasing from an
annual average of around 40% to a range of 60-70% after the introduction of the FeCl;
40% solution.

A continuous optimization of the amount of ferric chloride added is necessary to
ensure a more accurate dosing of the precipitation coagulant. Chemicals in wastewater,
including nitrogen and phosphorus, can only be retained by advanced treatment, which
involves additional costs and environmental and health risks.

The WWTP uses influent from the local sewage network, adapting to climatic condi-
tions and technology. Although there are no strict requirements for nitrogen and phospho-
rus in WWTPs for communities of less than 10,000 inhabitants, removing these substances
is recommended for environmental and pragmatic reasons.

To maintain or improve the quality of water discharged to the outfall, it is essential to
reduce nutrients (N and P) in the wastewater treated at the WWTP. Even though there are
no legal requirements for treatment plants serving communities smaller than 10,000 p.e.,
nitrogen and phosphorus removal is essential from an ecological and economic perspective.

The results and statistical analysis highlight a significant correlation between nitrogen
and phosphorus removal effectiveness and optimized ferric chloride dosing. This pro-
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motes a promising direction for wastewater management strategies that combine technical
efficiency with environmental responsibility in a sustainable economy.
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