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Glyphosate is currently the herbicide with the highest use worldwide for weed

control. It has been detected in different water sources, including drinking

water, which could be generating potential damage to human health. In the

Metropolitan Area of Cúcuta, intensive rice cultivation is predominant, and as it

grows in flooded areas, the use of herbicides has greater contact with water

bodies, which are used as sources of supply. Based on this, the concentration of

glyphosate was quantified in five sampling points of surface and drinking water

of the Pamplonita and Zulia rivers, using UV-Vis spectrophotometry,

establishing that the concentration found in drinking water (216 and

204.5 µg/L) was below the maximum allowable limits of countries such as

the United States, Canada, and Australia and above those of the European Union

and the United Kingdom. Once the occurrence was identified, the removal

capacity of glyphosate was evaluated using membrane technology through

reverse osmosis (RO) and nanofiltration (NF) in a pilot plant, for which response

surface optimization models were implemented, and 100% removals were

obtained, with repeatability close to 1% with respect to other reported

investigations, highlighting that the NF process was more efficient even

though the molecular weight of glyphosate was below the limit of the

membrane. In contrast, it was determined that, according to the

concentrations found in the drinking water supplied to the Metropolitan

Area of Cúcuta, this has a low risk according to the guidelines for drinking

water quality in Canada and a moderate risk according to the World Health

Organization (WHO). The conventional systems currently used for water

purification are insufficient to remove traces of contaminants such as

herbicides. Therefore, it is necessary to implement new technologies.
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1 Introduction

Glyphosate is a widely used non-selective herbicide used

mainly in agriculture to control weeds in crops. It is also used in

forestry, domestic, and urban applications in the control of

invasive species in aquatic systems and wetlands and the

eradication of illicit crops. Since 1974 in the United States,

more than 1.6 billion kilograms of active ingredient

glyphosate have been applied (Benbrook, 2016). Globally, the

glyphosate market is expected to grow from $8,510 million in

2021 to $8,880 million in 2022 at a compound annual growth rate

(CAGR) of 4.32% (Solutions et al., 2022), a situation that is not

unfamiliar in developing countries, where its use has also

intensified.

Until a few decades ago, its use and exposure were very

limited, which is why it was classified as not very dangerous, but

with its massive adoption, the adverse effects that it can generate

on health and the environment became evident (Bravo and

Naranjo, 2016). The International Agency for the Study of

Cancer (IARC) of the World Health Organization (WHO) in

2015 reclassified glyphosate as probably carcinogenic to humans

(category 2A), given that the evidence is limited, although

sufficient in animals (International agency for research on

cancer, 2015).

The intensive use of glyphosate has generated an increase in

its concentrations in different environmental matrices. Many

studies have shown that once glyphosate is applied, it is strongly

adsorbed by soil components such as clay, iron oxides, and humic

acids (van Bruggen et al., 2018); suffering a mainly biological

degradation being its main metabolite aminomethylphosphonic

acid (AMPA), so its presence in surface and groundwater would

be unlikely. However, several investigations have reported levels

of glyphosate and its metabolite in different water sources. In

Alberta, a province in western Canada dedicated to grain

cultivation, levels between 0.2 and 6.079 µg/L were detected in

surface water (Anderson et al., 2015). For its part, in the

United States, investigations of the presence of the herbicide

have been reported in several states. In Ohio, in the runoff of an

agricultural basin, concentrations were detected up to 4 months

after the application of glyphosate at high doses (2 µg/L)

(Edwards et al., 1980). In Washington, Maryland, Iowa, and

Wyoming, samples were taken before and after the application of

the herbicide to soybean and corn crops in spring ponds and

adjacent streams, finding concentrations up to 328 µg/L that

exceeded the freshwater aquatic life standard of 65 µg/L

(Battaglin et al., 2005–2006). In Northern Missouri, temporal

patterns in glyphosate concentrations measured weekly during

the growing season were investigated, detected in 44% of

samples, more frequently in urban than agricultural streams

and in concentrations similar to those in streams with high

agricultural land use (>40% row crop) (Mahler et al., 2017).

In Latin America, samples of groundwater, drinking water,

bottled water, and farmers’ urine were taken from Mexico due to

the excessive use of herbicide in this community, determining the

highest concentrations in the groundwater (1.42 μg/L). However,

the study also established that glyphosate, when absorbed orally,

is excreted unaltered because the tests carried out on the workers

at the study site established the presence of glyphosate in their

urine (0.47 µg/L) (Rendón-Von Osten and Dzul-Caamal, 2017).

Likewise, in surface water in Argentina, it was detected in

approximately 15% of the samples analyzed (Aparicio et al.,

2013). In the villages of Puente Boyacá, Bojirque, andMontoya in

the municipality of Ventaquemada (Boyacá), in Colombia, areas

dedicated to agricultural work, the presence of glyphosate was

determined in different water sources near the crops, such as

streams and reservoirs, mainly in June and July. Finding values

were between 201 and 2,777 μg/L (Alza-Camacho et al., 2016).

Consequently, some countries have regulated the maximum

permissible limits of glyphosate in different water sources. In

Canada, the Ministry of Environment set the maximum

concentration in drinking water at 280 μg/L [Health Canada

(HC), 2006] and established a long-term threshold for the

protection of aquatic life in freshwater at 800 μg/L [CCME

(Canadian Council of Ministers of the Environment), 2012].

The United States Environmental Protection Agency determined

that the maximum concentration in drinking water is 700 μg/L

and set benchmarks for aquatic life between 1,800 and 49,900 μg/

L (USEPA, 2007). In the European Union, glyphosate does not

belong to the list of priority substances in surface water.

However, it is expected to enter the list in 2022 with a

maximum concentration of 398.6 μg/L (CIRCABC, 2022). In

the case of drinking water, a parametric value of 0.5 μg/L is

established for total pesticides and 0.1 μg/L for each individual

pesticide (Drinking Water Inspectorate, 2010).

Among the processes currently used for water purification is

membrane technology, which is based on the use of hydrostatic

pressure to remove suspended solids and high molecular weight

solutes and allow the passage of water and low molecular weight

solutes (Rodriguez-Narvaez et al., 2017), using membranes with

different pore sizes. In the case of microfiltration (MF), 1–0.1 µm,

and uncertainty factor (UF), 0.1–0.01 µm, only suspended solids

can be removed, and in the case of nanofiltration (NF),

0.01–0.001 µm and selective semipermeable membranes

[reverse osmosis (RO), pore size <0.001 µm, and direct

osmosis (FO)] (Maroneze et al., 2014) dissolved solutes can be

separated. Their use has increased considerably; one of the great

advantages of these filtration systems is that they can retain many

pollutants in water (Maroneze et al., 2014). However, they do not

allow their degradation so that these pollutants are concentrated

in the form of the concentrated waste stream in impermeable

components (or concentrate), requiring further treatment and,

therefore, increasing the cost of the process (Homem and Santos,

2011). Membrane treatments are very promising, especially with

new research in the development of antifouling and self-healing

membranes (Richardson, 2008). Properties of membrane

materials and contaminants, such as pore size,
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hydrophobicity, functional groups, pKa, in addition to the quality

of the treated water, are some of the complex factors that

influence removal (Rodriguez-Narvaez et al., 2017).

Regarding the removal of glyphosate using membrane

technology, several studies have been published showing high

percentages, as is the case of an experiment carried out in China

for the treatment of drinking water during sudden natural

phenomena, in which UF was used as pretreatment and RO

as the main process for the test, obtaining removals between

99.39 % and 99.95% for a concentration of approximately 49 mg/

L (Qingling et al., 2017). Likewise, a study was carried out in

Argentina for the treatment of synthetic and natural waters

contaminated with commercial formulations of glyphosate,

using an NF pilot plant, demonstrating that more than 85%

of the herbicide could be eliminated for a concentration of 48 mg/

L (Saitúa et al., 2012). Another study in the Netherlands

evaluated the robustness of a drinking water treatment plant

equipped with RO. It then activated carbon filtration to remove

an initial concentration of 0.01 mg/L, where 90% removal was

obtained (Schoonenberg Kegel et al., 2010). In France, tests were

carried out on a laboratory scale to determine the removal using

NF membranes with distilled water enriched with 0.002 mg/L of

AMPA and glyphosate, obtaining values greater than 95%

(Roche, 2004).

The department of Norte de Santander, Colombia, bases its

economy on the agricultural sector due to its varied climatic

conditions; the Metropolitan Area of Cúcuta and its neighboring

municipalities are located in the warm zone, where the most

representative crop is rice, with 24% and a planted area of

41,071 ha/year (Solutions et al., 2022). This is a plant that grows

in flooded areas. The use of herbicides such as glyphosate for weed

control has greater contact with bodies of water in areas very close to

the city’s drinking water catchment sources, where only a

conventional system is used for treatment (desanding, pre-

sedimentation, coagulation-flocculation, sedimentation,

clarification, filtration, and disinfection). In this research, a

detailed analysis of the occurrence of glyphosate in surface

sources (Pamplonita and Zulia rivers) and in the drinking water

that supplies the Metropolitan Area of Cúcuta was carried out,

evaluating its removal through membrane technology,

demonstrating that the results obtained may represent a viable

and sustainable alternative for the removal of herbicides that are

widely used in the region. On the contrary, the level of risk of

exposure to glyphosate in drinking water was calculated according to

the Guidelines for DrinkingWater Quality of Canada and theWHO.

2 Materials and methods

2.1 Study site

The study was carried out in areas where the largest amount

of rice crops is concentrated. Thus, three sampling points were

taken in the Pamplonita River and two in the Zulia River

(Figure 1). Additionally, two points were taken in the

drinking water supplying the Metropolitan Area of Cúcuta,

corresponding to the El Portico and El Carmen de Tonchala

plants. The fact that these studies were carried out during

September is highlighted, a season with the highest

temperatures (≈28°C) in the region, according to the

climatological information given by the Institute of

Hydrology, Meteorology, and Environmental Studies

(IDEAM). In addition, the transition to the rainy season

occurs in this period. Therefore, rice planting is in the post-

emergence phase, requiring the application of herbicides.

2.2 Sampling

The sampling and characterization of the chosen study sites

were carried out following the guidelines established by

American Public Health Association (American Public Health

Association, 2017). For the physicochemical and microbiological

analysis, 2.5 L of water was taken, as well as 1.0 L for the analysis

of glyphosate in each of the sampling sites. The samples were

stored at a temperature of 4°C and protected from light.

2.3 Analytical method of quantification

2.3.1 Materials
The materials used are distilled water; glyphosate

(N-phosphonomethyl) isopropylamine salt; Glifosol

Concentrate Soluble SL, concentration 480 g/L (Arysta,

France); ninhydrin [=2,2-dihydroxy-1H-indene-1,3(2H)-dione;

Merck, India], sodium molybdate (R.A.Chemical, India),

dichloromethane (Merck, India), Whatman filters (Membrane

Circles, Cellulose Nitrate, White Plain, 0.45 µm 47 mm 100/pk).

2.3.2 Equipment
The equipment used is UV-Vis DR 5000 Spectrophotometer,

Memmert Water Bath, IKA RV 10 digital Rotary Evaporator,

Adams Analytical Centrifuge, and Vacuum Pump.

2.3.3 Method
The method used for the quantification of glyphosate was the

one proposed by Nagaraja and Bhaskara (2006), where the

reaction of the amino group of the glyphosate molecule with

ninhydrin in the presence of sodiummolybdate as a catalyst, with

the elimination of a water molecule, gives rise to products I and

II, forming a purple-colored product in the neutral aqueous

medium.

2.3.4 Calibration curve
The calibration curve was made with a small modification

regarding the volumes of the reagents of the proposed method,
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according to Tzaskos et al. (2012). In order to carry out the

procedure, a stock solution of 500 mg/L of glyphosate was

prepared, where aliquots ranging from 0.0625 to 180 µL were

transferred to test tubes, and 500 µL of 5% ninhydrin, 500 µL of

molybdate, and 5% sodium were added to each of the tubes. The

tubes were sealed and kept in a water bath at a temperature of

85°C for 12 min. The samples were then cooled to room

temperature and quantitatively transferred to 5 ml volumetric

flasks. The volume was completed with distilled water. Then, the

reading was made with the spectrophotometer, where the

maximum wavelength was 568 nm. From these data, the

triplicate calibration curve was constructed with absorbance as

a function of glyphosate concentration in the range of

0.0625–18 mg/L. For the instrument blank, 500 µL of

ninhydrin and 500 µL of sodium molybdate were used, up to

a total volume of 5 ml.

2.3.5 Method validation
In Table 1, method validation can be observed where the

correlation coefficient, determination, intercept, and slope of

the data obtained from the average calibration curve are

presented. The limit of quantification (LOQ) was

determined by considering the ratio of the standard

deviation of the blanks and the slope of the calibration

curve multiplied by a factor of 10. The limit of detection

(LOD) was determined by considering the same ratio but

multiplied by a factor of 3.3.

In order to determine method recovery and losses

(Supplementary Table S1), three concentrations were

considered, which were within the calibration curve (in

duplicate), for which an amount of glyphosate was added

to a volume of 100 ml of drinking water from the

Universidad del Norte, and the extraction of the herbicide

was carried out using 100 ml of dichloromethane (four times

in samples of 25 ml of water) to remove organic compounds.

The aqueous phase with glyphosate was rotoevaporated to

5 ml. Then, the concentration was determined with the

proposed method, thus obtaining a coefficient of variation

between 0.5% and 1.97%, which indicates very little

dispersion among the data.

FIGURE 1
Study sites.
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2.4 Experimental setup

The experimental setup was carried out on a Sterlitech-scale

bench, which is composed of a feed tank connected to a Hydracell

recirculation pump. The operating system consisted of passing the

feed flow from the tank connected to a chiller, through the Hydracell

pump, to the CF042D cell where the membrane (RO or NF) and the

flow that was rejected by it were recirculated from the back to the feed

tank as a concentrate. For its part, the flow that passed through the

membranewas the permeate that was practically free of contaminants.

Figure 2 shows the operation of the experimental setup.

2.4.1 Process membranes
As previously mentioned, there are MF, UF, NF, RO, and FO

within the membrane technology, which differ according to the

pore size, the type of material with which they are made, the uses,

and the typical operating characteristics. Two RO membranes

(AG and AK) and one NF membrane (CK) produced by GE

Osmonics were used for this research. The RO membranes

chosen were thin film (polyamide) membranes, in which no

pore size or molecular weight cutoff (MWCO) is applied,

indicating that they could be used for glyphosate removal as

the MWCO of glyphosate is 169.07 Da (ChemSpider, 2022). This

value is below the MWCO limit of the NF membrane

(~2,000 Da), whose material was cellulose acetate. However,

research has reported high rejections due to the combined

effect of Donnan exclusion and dielectric exclusion

(Yaroshchuk, 2001; Vezzani and Bandini, 2002; Szymczyk and

Fievet, 2005), as well as the high hydrophilicity of glyphosate

(hydration of the molecule), which also contributes to retention

TABLE 1 Characteristics of the glyphosate derivatization method with ninhydrin and sodium molybdate.

Parameter Characteristics
of the method

Color Purpura

Maximum wavelength (λmax � nm) 568

Calibration curve intercept −0.0158

Calibration curve slope 0.0551

Correlation coefficient of the calibration curve 0.997

Coefficient of determination of the calibration curve 0.995

Standard deviation of the calibration curve 0.002

Average coefficient of variation of the calibration curve (triplicate) 1.6%

Detection limit (mg/L) 0.028

Limit of quantification (mg/L) 0.085

FIGURE 2
Process diagram. V1, feed pump relief valve; V3, low-pressure feed flow control valve; V4, high-pressure feed flow control valve; V5, pump
outlet control valve; PG1, feed flow inlet pressure gauge; PG2, feed flow outlet pressure gauge (concentrate); FM2, feed flow meter.
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(Braeken et al., 2005). The operating parameters of the pilot

plant, such as pH, permeate flux, pressure, and temperature, of

each membrane were determined according to the properties and

characteristics of each membrane (Supplementary Table S2),

with previous studies that allowed establishing the value of

the minimum and maximum operating limits.

2.4.2 Operation parameters
The operating parameters chosen for the removal of

glyphosate were pressure, the feed flow temperature, and its

speed at the inlet of the Hydracell pump. Herbicide

concentration and pH were selected as constant parameters.

High, moderate, and low concentrations of glyphosate were

taken, the first according to the capacity of the test bench to

eliminate them (5,000 mg/L), considering that concentrations in

this range can be detected in wastewater produced in pesticide

factories containing a variety of toxic and non-biodegradable

organic pollutants (Rahmani et al., 2021), which can enter the

effluent during formulation, production, and reactor washing

(Zhang and Pagilla, 2010; Pliego et al., 2014). Studies have

reported pesticide concentrations in wastewater as more than

2,000 mg/L (Goodwin et al., 2018). In the United Kingdom, for

example, pesticides in wastewater are highly variable, and

concentrations ranging from 0.1 to 107 mg/L have been

detected (Goodwin et al., 2018). With respect to moderate

concentrations, values above the maximum permissible limits

in drinking water in some countries consulted were considered,

thus establishing 1 mg/L, and low concentrations were taken

considering the value found in the drinking water supplied in the

Metropolitan Area of Cúcuta.

The pH value is a very important factor in the process of both

NF and RO in the feed flow so that, in all the concentrations of

the process, it was taken as neutral (7) because, in the sources

investigated, the highest percentage removal was usually around

that value (Roche, 2004; Liu et al., 2012; Saitúa et al., 2012; Xie

et al., 2010).

According to what was established, the operating parameters

with respect to the type of membrane and the technology to be

treated were pressure, temperature, and feed flow velocity,

establishing the minimum and maximum working ranges,

which can be seen in Table 2.

2.4.3 Experimental design
As there were three independent variables

studied—pressure (A), temperature (B), and feed flow

velocity (C)—the design of experiments was a central

composite rotational design (CCRD) as it is more efficient

for this number of variables in solving research problems

when trying to find an optimal (Azargohar and Dalai, 2005);

thus, the experimental design matrix (Supplementary Table S3)

consisted of eight factorial points, six axial points, and six

replicates at the central points, indicating that, in total,

20 experiments were required, where (−1) equals the

minimum value, (1) the maximum, and (0) the mean. As it

was a CCRD, two axial points were generated for each variable

of α and −α. The axial distance equation is as follows:

α � ��
F4

√
, (1)

where F is the number of runs in the factorial portion of the

design, and considering that there were three variables, for a 2k

factorial, the F value was 8 and the axial points were placed at a

distance of α = 1.68179.

Glyphosate removal was selected as the response variable and

determined by making the ratio of permeate concentration to

that of the feed flow. These were calculated according to the

established method for quantification.

TABLE 2 Operating parameters and their ranges.

Factor code Parameter Minimum value Maximum value

GE membrane-AG RO-high and low concentrations

A Pressure (psi) 120 220

B Temperature (°C) 15 50

C Feed (Hz) 20 60

GE membrane-AK RO-low concentrations

A Pressure (psi) 80 115

B Temperature (°C) 15 50

C Feed (Hz) 20 60

GE membrane-CK NF-high and low concentrations

A Pressure (psi) 60 200

B Temperature (°C) 22 30

C Feed (Hz) 20 60
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In order to predict the response, a second-order polynomial

mathematical model was formed to predict the response as a

function of the independent variables involving their

interactions. The performance of the process is expressed by

the following quadratic equation (second-order polynomial

mathematical model) (Azargohar and Dalai, 2005):

Y � bo +∑n
i�1
bixi +∑n

i�1
biix

2
ii +∑ bijxixj, (2)

where Y is the predicted response, bo the offset term, bi the linear

effect, bii the squared effect, bij the interaction effect, and xi and xj
represent the coded independent variables.

3 Results

3.1 Quantification of glyphosate in the
water samples collected in the Pamplonita
and Zulia Rivers (raw and potable)

The procedure was performed in duplicate for each of the

study sites. In total, 500 ml of raw and drinking water samples

was taken and filtered. Then, the extraction and rotary

evaporation were done in parts with volumes of 100 ml. Once

a concentration of 5 ml of the sample was obtained, it was

centrifuged for 10 min to ensure there were no suspended

solids. Then, the glyphosate was quantified with the proposed

method, considering the losses determined in the validation.

Then, Table 3 presents the data obtained.

According to the maximum permissible values of glyphosate

in drinking water at the international level (Supplementary Table

S4), the water supplied in the Metropolitan Area of Cúcuta

complies with the regulations of countries such as the

United States (E. UNITED STATES ENVIRONMENTAL

PROTECTION AGENCY, 2009), Canada [Health Canada

(HC), 2006], and Australia (National Health and Medical

Research Council, 2007) but not with the limits established by

the United Kingdom (Drinking Water Inspectorate, 2010) and

the European Union (Dolan et al., 2013). For its part, in

Colombia, Resolution 2115 of 2007 (Author Anonymous,

2007) in Article 7 contemplates that the total sum of the

concentrations of pesticides must not exceed 100 µg/L, and

considering that the results obtained are higher, none of the

samples would be complying with national regulations for

drinking water.

3.2 Removal of the concentration of
glyphosate using membrane treatments

Different concentrations of glyphosate were taken, aiming at

its elimination when using the selected RO and NF membranes,

for which the response surface models were implemented,

obtaining the optimal values of the operating parameters and

the response variable. Experimental design matrix, 3D surfaces

plots, analysis of variance (ANOVA), and normal plot of

residuals were generated using Design Expert 11 software.

3.2.1 Glyphosate—high concentration
(5,000mg/L)—RO (GE membrane–AG)

The model proposed for the experimental design was a

quadratic model with a coefficient of determination (R2) of

0.9932, adjusted as 0.9870 and predicted as 0.9618.

Considering that the closer the R2 value is to unity, the more

precise the value of the responses will be (Seenuvasan et al.,

2014). Likewise, a standard deviation of the data of 0.0158 was

obtained, as well as a mean elimination of 97.85% and a

coefficient of variation of 0.0161%. The importance of the

factors and their interactions at various levels can be observed

in the ANOVA (Supplementary Table S5) of the model,

determining that, for the removal of glyphosate using RO

membrane (GE-AG), pressure, temperature, feed flow rate,

and iteration between each of them and their squares were

important variables in the experimental design process with

very little p-value (p < 0.05).

For this research, the percentage contribution graph was

elaborated to identify the factors that present the greatest

cumulative effect in the system and filter out the less

significant ones. The main variables involved in the

glyphosate removal process were highlighted. The percentage

TABLE 3 Mean glyphosate concentration measured by this study at each of the Pamplonita and Zulia River sampling sites.

Spot Standard deviation % Coefficient of variation Average concentration (µg/L)

Sentry box (Pamplonita River) 0.0049 1.33 371.5

Intake (Pamplonita River) 0.0078 1.96 396.5

Crops (Pamplonita River) 0.0134 3.68 365.5

Treated water (Pamplonita River) 0.0028 1.31 216.0

Bridge (Zulia River) 0.0064 2.10 302.5

Intake (Zulia River) 0.0049 1.12 441.5

Treated water (Zulia River) 0.0021 1.04 204.5
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contribution is calculated according to the following equation

(percentage contribution) (Mojarrad et al., 2018):

% � SSi
SStotal

(Fi − 1
Fi

) x 100 (3)

whereSSi is the sum of error squares for each parameter, SStotal is

the sum of the error squares, and Fi is F-value for each parameter

Figure 3 shows that the most representative variable in the

system for the removal of glyphosate is the square of pressure (A)

and temperature (B), pressure (A), and iteration between

pressure (A) and feed flow rate (C).

The model equation for the percent removal of glyphosate

using the RO membrane at high concentrations can be seen in

Eq. 2, where each of the coefficients was calculated using a

multiple regression analysis technique from the experimental

data with the aid of Design Expert 11 software. The positive and

negative signs of each term indicate synergistic and antagonistic

effects, respectively (Eq. 4: glyphosate removal high

concentration—RO (membrane GE–AG):

REMOVAL � 102.55370 − 0.043999A − 0.046337 B

− 0.024880C + 0.00005AB + 0.000261AC

− 0.000229BC + 0.000101A2 + 0.000737B2

− 0.000171C2.

(4)
For the adequacy of the model, the lack of fit (LOF) test, the

graphical analysis of the residuals, the actual versuspredicted response,

and the regression parameter R2were used. The F-value of the highest

model was 161.28, with a very low probability value (p < 0.0001),

establishing that it was significant. In the LOF F-value, the F-value is

1.88, implying that the LOF is not significant in relation to the pure

error. The quality of themodel was evaluated based on the correlation

coefficient R2 and the standard deviation values.

Figure 4A shows the comparison between the experimental

data and the predicted values obtained from the statistical model,

where most of them were close to the line of fit, establishing that

the experimental values were similar to those determined by the

model. Regarding the graph of the residuals in Figure 4B, it could

be observed that they had a normal distribution and were

independent, following an approximately symmetrical pattern.

Therefore, it can be established that the model developed is

adequate for the prediction and optimization of glyphosate

removal.

For the interpretation of the iteration between variables, it is

advisable to analyze the use of 3D plots for the regression model

(Aktaş, 2005). The circular nature of the contour plot means that

the interactive effects between the variables are not significant,

and the optimal values of the test variables cannot be easily

obtained (Anupam et al., 2011). The maximum percentage

removal of glyphosate using the RO membrane is indicated by

the confined area on the smaller curve of the graph with the other

variable held at zero, where the elliptical nature of the contours

estimates that the interaction between the individual variables is

significant. In Figures 5B,D,F, the response surface plots can be

seen when leaving one of the variables fixed, where clear peaks

are established, indicating that the maximum values of the

responses are attributed to pressure, temperature, and feed

flow rate. The contour plots for glyphosate removal can be

seen in Figures 5A,C,E. According to Figure 5A, when the

feed flow velocity variable is kept fixed, as the pressure and

temperature increase, the percentage of removal also increases. In

contrast, Figure 5C shows that when the temperature is kept

fixed, the percentage of removal increases when the pressure

increases. However, it remains constant in a range of 150–190 psi

and then increases again. Regarding temperature, the percentage

of removal decreases as it increases. Figure 5E shows that when

the pressure is kept fixed, as the temperature increases, the

percentage of removal increases and remains constant as the

feed flow rate increases.

According to the above analysis, it can be established that the

maximum percentage of removal is subject to the variables of

pressure, temperature, and feed flow velocity. The optimal

operating conditions suggested for the model for the three

variables are 199.7 psi, 42.9°C, and 51.9 Hz, respectively

(Supplementary Figure S1), with a desirability of 1.0,

indicating that the process has the maximum efficiency at that

operating condition. Based on these values, the optimum

glyphosate removal rate for the model was 98.04%. Therefore,

with these parameters, an observed removal rate of 97.90 ± 0.01%

per duplicate was obtained, which was within the predicted range

of 97.8902%–98.1605% at a 95% confidence level.

3.2.2 Glyphosate—high concentration
(5,000mg/L)—NF (GE membrane–CK)

For the case of glyphosate removal at high concentrations

using the NF membrane, it was determined that the proposed

experimental model was quadratic, with a coefficient of

determination (R2) very close to the unity of 0.9571, adjusted

as 0.9186 and predicted as 0.7944. The standard deviation of the

FIGURE 3
ontribution percentage variables for glyphosate removal.
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data was 0.0188, with a mean removal of 99.13% and a coefficient

of variation of 0.0189%. According to the ANOVA

(Supplementary Table S6) of the model, all three variables

(pressure, temperature and feed flow rate), were important

variables in the process of glyphosate removal through the NF

membrane with very small p-values (p < 0.05). Likewise, Figure 3

shows that, according to the percentage of contribution, the most

representative variable of the system for the elimination of

glyphosate was the temperature and its square.

The equation of the model to obtain the percentage of

glyphosate removal according to the experimental design was

as follows (Eq. 5: removal of high concentration glyphosate—NF-

GE—CK membrane):

REMOVAL � 96.24333 − 0.009873A + 0.306099 B

− 0.011865C + 0.00025AB + 0.000034AC

+ 0.000636BC + 0.00000965791A2

− 0.007359B2 − 0.0001C2.

(5)
For the adequacy of the model, the F-value of the highest

model was 24.81 with a very low probability value (p < 0.0001),

establishing that this was significant. The F-value of the LOF is

1.18, which implies that the LOF is not significant in relation to

the pure error. Likewise, the quality of the model was evaluated

from the correlation coefficient R2 and the standard deviation

values. Figure 6A shows that the experimental values were similar

to those determined by the model since most of them were close

to the fit line. In Figure 6B, the graph of the residuals presents a

normal and symmetrical distribution. Therefore, the adjusted

model was adequate for the prediction and optimization of the

removal of glyphosate.

With respect to the iterations between the variables, Figures

7B,D,F show the response surface when one of the variables is left

fixed. Figure 7A shows that when the feed flow rate variable is

kept fixed, as the pressure increases, the percentage of removal

decreases, remains constant in the range of 100–130 psi, and then

begins to increase again. In contrast, when the temperature

begins to increase, the percentage of removal begins to

decrease. Figure 7C shows that when the temperature is kept

fixed, the percentage of removal remains constant when the

pressure increases in the range of 90–160 psi and then

increases again. Regarding temperature, the percentage of

removal remains constant. Figure 7E shows that when the

pressure is kept fixed, as the temperature increases, the

percentage of removal increases and remains constant as the

feed flow rate increases.

Accordingly, the maximum percentage of removal is subject

to the variables of pressure, temperature, and feed flow velocity,

where the optimal operating conditions suggested for the model

are 171.6 psi, 25.9°C, and 51.9 Hz, respectively (Supplementary

Figure S2), with a desirability of 0.905, indicating that the process

practically has the maximum efficiency in that operating

condition, with an optimal percentage of glyphosate removal

for the model of 99.21%. Therefore, with these parameters, an

observed removal percentage of 99.19% ± 0.01% was obtained in

FIGURE 4
(A) Correlation between model predictions and experimental data. (B) Normal % probability plotted versus residual.
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FIGURE 5
Glyphosate removal contour: (A) constant—feed flow rate, (C) constant—temperature, (E) constant—pressure. Glyphosate removal response
surface: (B) constant—feed flow velocity, (D) constant—temperature, (F) constant—pressure.
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duplicate, which was within the predicted range of 99.1885%–

99.2499% with a confidence level of 95%.

3.2.3 Glyphosate–moderate concentration
(1mg/L)—RO (GE–AG membrane) and NF
(GE–CK membrane)

In all the runs carried out in the experimental design, a 100%

removal of glyphosate was achieved with an initial concentration

of 1 mg/L for both the RO GE–AG membrane and the NF

GE–CK membrane.

3.2.4 Glyphosate–moderate concentration
(1mg/L)—RO (GE membrane–AK)

The removal of glyphosate at moderate concentrations using a

second RO membrane determined that the proposed experimental

model was 2F1, with a coefficient of determination (R2) close to the

unity of 0.9009, adjusted as 0.8551 and predicted as 0.6908. The

standard deviation of the data was 3.07, with a mean removal of

88.15% and a coefficient of variation of 3.48%. The ANOVA

(Supplementary Table S7) of the model allowed establishing that

the three variables (pressure, temperature, and feed flow rate) were

significant in the experimental design process with a very small

p-value (p< 0.05). As for the percentage contribution in Figure 3, the

most representative variable of the system for glyphosate removal

was pressure and the iteration between temperature and feed

flow rate.

The equation of the model to obtain the percentage of

glyphosate removal according to the experimental design was

as follows (Eq. 6: glyphosate removal moderate

concentration—RO (GE membrane-AK):

REMOVAL � 255.72236 − 0.850165A − 6.26954 B − 2.08973C

+ 0.040539AB + 0.001801AC − 0.051682BC.

(6)
In model fit, the F-value of the highest model was 19.69 with a

very low probability value (p < 0.0001), which establishes that it is

significant. The F-value of LOF was 1.30, implying that the LOF is

not significant in relation to the pure error. The quality of the

model was evaluated from the correlation coefficient R2 and the

standard deviation values. Figure 8A shows that the experimental

values were similar to those determined by themodel. In Figure 8B,

the graph of the residuals presented a normal and symmetrical

distribution. Therefore, the adjusted model was adequate for the

prediction and optimization of glyphosate removal.

Figures 9B,D,F show the response surfaces when one of the

variables is left fixed. Figure 9A shows the contour when the feed

flow velocity variable is kept fixed, where it is observed that, as the

pressure increases, the percentage of removal increases and when

the temperature increases, the percentage of removal begins to

decrease. Figure 9C shows that when the temperature is kept

fixed, the percentage of removal increases from 80% to 95% as the

pressure increases and decreases as the feed flow velocity

increases. Figure 9E shows that when the pressure is kept

fixed, as the temperature and the feed flow velocity increase,

the percentage of removal decreases. Based on the above, it can be

FIGURE 6
(A) Correlation between model predictions and experimental data. (B) Normal % probability plotted versus residual.
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FIGURE 7
Glyphosate removal contour: (A) constant—feed flow rate, (C) constant—temperature, (E) constant—pressure. Glyphosate removal response
surface: (B) constant—feed flow velocity, (D) constant—temperature, (F) constant—pressure.
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established that the maximum percentage of removal is subject to

the variables of pressure, temperature, and feed flow rate, where

the optimal operating conditions suggested for the model are

102.5 psi, 22.5°C, and 28.20 Hz, respectively (Supplementary

Figure S3), with a desirability of 1.0, indicating that the

process has the maximum efficiency in that operating

condition, with an optimal percentage of glyphosate removal

for the model of 100%. Therefore, with these parameters, an

observed removal percentage of 97.45% ± 0.03% was obtained in

duplicate, which was within the predicted range of 93.8703 %–

106.26% with a confidence level of 95%

3.2.5 Glyphosate low concentration (found in
drinking water)—RO (GE–AG membrane), RO
(GE–AKmembrane), and NF (GE–CKmembrane)

In all the runs carried out in the experimental design, a 100%

removal of glyphosate was achieved with initial concentrations of

0.2160 ± 0.0028 and 0.2045 ± 0.0021 mg/L, corresponding to

those found in the drinking water of the El Pórtico and El

Carmen plants from Tonchala (Pamplonita River and Zulia),

using RO (GE–AG and GE–AK) and NF (GE–CK) membranes.

3.3 Quantitative risk assessment for the
presence of glyphosate in drinking water

Once the presence of glyphosate in drinking water was

determined, the quantitative risk assessment was carried out

considering the most restrictive No Observed Adverse Effects

Level (NOAEL) found in the literature, which in this case was

3.0 mg/kg-d (Health Canada (HC), 2006), with which the

tolerable daily intake (TDI) is determined according to Eq. 7

(World Health Organization, 2017), for an uncertainty factor

(UF) of 100%; Canada’s drinking water quality regulations are

based on this same NOAEL (Health Canada (HC), 2006):

TDI � NOAEL

UF
. (7)

The reference value (GV) for exposure to glyphosate was

calculated in Eq. 8 (World Health Organization, 2017), where

TDI is 0.03 mg/kg per day, bodyweight bw is 70 kg, TDI fraction

P is 20%, and consumption C is 1.5 L per day to the values

established in the Canadian Drinking Water Quality Guidelines.

The result was a reference value of 0.28 mg/L per day. However,

the WHO sets different values, for example, bodyweight of 60 kg,

TDI fraction P of 20%, and consumption C of 2.0 L per day. For

this reason, it was calculated in both ways. In this case, the

reference value was 0.18 mg/L per day as follows:

GV � TDI x bwxP

C
. (8)

Once these values were determined, the average

concentrations of glyphosate found in the drinking water of

the two supply sources (Río Pamplonita and Zulia) were taken.

The risk quotient was calculated according to Eq. 9 (EPA, 2011),

where ED corresponds to the concentration found in the

FIGURE 8
(A) Correlation between model predictions and experimental data. (B) Normal % probability plotted versus residual.
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FIGURE 9
Glyphosate removal contour: (A) constant—feed flow rate, (C) constant—temperature, (E) constant—pressure. Glyphosate removal response
surface: (B) constant—feed flow velocity, (D) constant—temperature, (F) constant—pressure.
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drinking water, resulting in a low risk according to Canadian

drinking water quality regulations (HQ = 0.1–1.0) and a

moderate risk according to WHO (HQ = 1.1–10), and the

results are presented in Table 4:

HQ � ED

GV
(9)

Guidelines for interpreting HQ calculations are as follows

(Lemly, 1996):

HQ � < 0.1 means there is no risk.

HQ � 0.1 − 1.0 means the risk is low.

HQ � 1.1 − 10 means the risk is moderate.

HQ � > 10 means the risk is high.

4 Discussion

With the results of the quantification of glyphosate in

drinking water, it can be observed that the conventional

treatment carried out in the two plants that supply the

Metropolitan Area of Cúcuta is currently insufficient to

eliminate its concentration as the concentration found in

drinking water corresponds to 54% and 46% of that found in

the raw water of the Pamplonita and Zulia rivers, respectively.

This may be generating potential damage to the health of

consumers, such as reproductive problems, mental disorders

such as attention deficit hyperactivity disorder (ADHD),

autism, Alzheimer’s, and Parkinson’s diseases. Therefore, it is

necessary to use additional technologies that allow the

elimination of this type of contaminants, such as membrane

treatment, which could be used in a hybrid way together with

conventional treatment and improve the quality of the water

supplied to a population. In contrast, it is recommended that the

environmental and health authorities legislate specifically in

relation to monitoring and permissible limits of herbicides in

drinking water, as well as surface water catchment sources for

drinking water. This is not done as, in Colombia, Article 8 of

Resolution 2115 of 2007 (Author Anonymous, 2007) establishes

that the total sum of pesticide concentrations may not exceed

0.1 mg/L. In this case, it would be non-compliant.

In addition to the above, it is necessary that the

environmental and health authorities update their water and

sanitation regulations to include technically enforceable

guidelines that establish the obligation, considering local

contexts, to introduce advanced potabilization treatments that

effectively remove the concentration of contaminants that cannot

be eliminated with conventional treatments.

In this research, we wanted to demonstrate not only that

membrane treatment is capable of eliminating the concentration

of glyphosate at low concentrations, but also that it can be used

when they are very high, as was the case of 5,000 mg/L, where

removal percentages of more than 99% were obtained, and in

moderate concentrations of 1 mg/L with removals of 100%, to

represent a viable and sustainable alternative for the solution of

agrochemical contamination problems, which could be

replicated in other areas that have to face this type of challenges.

In a design of experiments, it is important to correctly

identify the operating parameters and the iteration that exists

between them so that these influence the response variables. That

is why before carrying out this research, preliminary tests of all

the possible parameters that could be considered were carried

out, which were discarded one by one until obtaining the

definitive ones, which were pressure, temperature, and feed

flow velocity. Thus, in the experimental designs, the operating

parameters presented iteration among them, which allowed

determining which were the values that should be considered

to obtain the optimum glyphosate removal value. For example, in

the removal of 5,000 mg/L using the GE-AG membrane, the

operating variables were 199.7 psi, 42.9°C, and 51.9 Hz, with an

TABLE 4 Risk assessment for glyphosate.

Canadian drinking water quality guidelines

Pamplonita River Zulia River

GV (mg/L) 0.280 GV (mg/L) 0.280

ED [concentration (mg/L)] 0.2160 ± 0.0028 ED (concentration (mg/L)) 0.2045 ± 0.0021

HQ 0.771 HQ 0.728

Low risk Low risk

WHO

Pamplonita River Zulia River

GV (mg/L) 0.180 GV (mg/L) 0.180

ED [concentration (mg/L)] 0.2160 ± 0.0028 ED (concentration (mg/L)) 0.2045 ± 0.0021

HQ 1.200 HQ 1.133

Moderate risk Moderate risk

GV, reference value; ED, concentration found in drinking water; HQ, risk quotient
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optimum removal of 98.04%. Therefore, tests were performed

with this data, and it was observed that the removal values were

within the expected range of 97.8902%–98.1605%, with a

confidence level of 95%. Likewise, in each of the experimental

designs performed for the different membranes and

concentrations, it was verified that the observed removal

values were within 95% of the predicted ranges, using the

optimum operating parameters.

Likewise, it is important to highlight that carrying out a correct

design of experiments allows obtaining reliable information faster

with statistical evidence, which can be applied to a real process, in

addition to reducing development and production costs.

ANOVA established that the experimental values obtained

agreed satisfactorily with the values predicted by the models. At

high concentrations, the square of the pressure is the variable that

contributes the most when using the RO membrane for the

removal of glyphosate, whereas the temperature is in the NF; in

the case of moderate concentrations when using the second RO

membrane, the pressure is the variable that contributes the most.

The response surface and contour plots showed that the

maximum percentage of glyphosate removal is subject to the

variables of pressure, temperature, and feed flow rate.

According to the optimization of the operating variables in the

removal of glyphosate at a concentration of 5,000mg/LusingRO’sGE-

AG membrane, the temperature should have a value of 42.9°C.

However, this value has no practical application in real conditions,

thus representing a distant option as it must be adjusted to the

environmental conditions of the study area, which has a

temperature between 28°C and 30°C throughout the year, which

would influence efficiency. However, when analyzing the models

obtained, it can be observed, for example, in Figure 5A, where the

feed flow velocity variable is kept fixed, that the percentage of removal

in the ambient temperature range is higher than 97%. Likewise, in

Figure 5E when the pressure variable is kept fixed, the percentage of

removal is also higher than 97%. For this reason, the optimum

temperature value can be lowered to the practical limit conditions,

obtaining high percentages of removal.

It is important to highlight in this research that, for the

removal of glyphosate in moderate concentrations, two RO

membranes were used. The first was the GE–AG membrane,

which removed 100% of the herbicide in each of the runs of the

experimental design. The second membrane used was the

GE–AK, which obtained an average removal of 88.15% and

an optimum of 100%, which shows that not all membranes

are equal as they have different characteristics. For example, the

first one has a typical operating pressure of 225 psi and the other

of 115 psi, which explains the higher percentage of removal.

When comparing the value of the percentage of removal of

glyphosate using ROmembranes with other investigations, similar

values can be observed. For example, Hopman et al. (1995)

obtained a removal greater than 90% with an RO membrane in

groundwater, although with an initial concentration of 2 µg/L. For

their part, Schoonenberg Kegel et al. (2010) reported less than 90%

removal in surface water with an initial concentration of 2 µg/L.

However, another study showed that when using UF as a

pretreatment for RO, the removal values increase (99.4%,

99.8%, and 99.9%, for an initial concentration of 0.066, 12.50,

and 49.70 mg/L, respectively) (Qingling et al., 2017).

Likewise, when comparing the results of the percentage of

elimination using the NF membrane, similar values were

obtained with respect to other investigations. For example,

removals greater than 95% (Roche, 2004), 85% (Saitúa et al.,

2012), and 96.8% (Yuan et al., 2018) were obtained in simulated

water from pilot plants. However, their initial concentrations

were 2 µg/L, 250 mg/L, and 50 µg/L, respectively.

However, for glyphosate removal, NF is the most efficient process

in all cases, as in this research,where high rejectionswere obtained even

though its molecular weight was below the molecular weight cutoff of

the membrane, as it is related to the combined effect of Donnan

Exclusion and Dielectric Exclusion. One study concluded that, in the

process of ion permeation through the membrane, dielectric exclusion

increased with increasing electrolyte concentration (Saitúa et al., 2012).

Likewise, the high hydrophilicity of glyphosate (log Kow = −5.4) also

contributed to the retention. In contrast, it should be noted that the

membranes used in the investigations have different references.

However, nowadays, the commercial ones are manufactured with

similar technologies and characteristics.

It is important to highlight that one of the main drawbacks

when using membrane processes is the need for additional

treatment to the concentrate stream. Therefore, some studies

have been reported on the treatment of discharge into surface

water, wastewater, the use of evaporation ponds, disposal in deep

wells, and sprinkler irrigation, among others. However, it must be

considered that some of the mentioned methods can generate

potential damage to the environment. Therefore, it is necessary to

include methods that allow correct disposal of the concentrate. For

example, in China, treatment of wastewater generated during the

production of glyphosate (J. LANXING, 2010) with high

concentrations is carried out through the following steps:

dilution of salt content; pH adjustment; use of anaerobic

biochemistry, materialization, and aerobic biochemistry; and

providing a simple and practical low-cost process, which is

highly efficient and reliable. The results show that the treated

effluent can reach the “National Integrated Wastewater Discharge

Standard” (GB-8978-1996) (FAO and FAOLEX, 1998).

5 Conclusion

The main conclusion of this research is as follows:

1) The presence of glyphosate in the bodies of water and the

drinking water that supplies the Metropolitan Area of Cúcuta

is analytically evidenced, which would indicate that the

purification system currently used is insufficient to remove

the contaminant.
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2) The concentration of glyphosate was below the maximum

permissible values established by law for drinking water in the

United States, Canada, and Australia and not for those

established in the United Kingdom and the European Union.

3) According to Colombian regulations, the concentration of

glyphosate found in the drinking water of the Metropolitan Area

of Cúcuta would be in breach because it is higher than 0.1mg/L.

4) The optimization of the model and the experimental tests

performed allowed determining the maximum experimental

removal of glyphosate, generating excellent results with any of

the membranes used; however, the NF was more efficient, as

in other reported investigations.

5) According to the guidelines for the quality of drinking water in

Canada, the water that supplies theMetropolitan Area of Cúcuta

would be at low risk and according to WHO, at moderate risk,

establishing that there would not be a relationship between

international regulations as they have different parameters,

and on the contrary, warning that, to the extent that the use

of the herbicide increases in the study area or the one that

influences it, the risk may increase significantly given that this

will produce a higher concentration in the water.
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