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ABSTRACT 

2,4-Dichlorophenoxyacetic acid (2,4-D) is one of the most 

widely used herbicides. As a result, the aquatic environment 

and human health are threatened by its residue. In order to 

examine and compare how 2,4-Dichlorophenoxyacetic acid 

degrades under artificial and natural light, Ag was successfully 

synthesized from Azadirachta indica (Neem) extract at room 

temperature via co precipitation method. Response Surface 

Modelling, which is a statistical tool used in the current work to 

optimise processes like photo catalysis with the least amount of 

laboratory analysis. Field emission scanning electron 

microscopy, X- Ray diffraction, Fourier transforms infrared 

spectrometry, Energy dispersive X-ray spectroscopy, were 

some of the characterization techniques used. The 

characterization of Ag nanoparticles confirmed the formation 

of crystalline structure and reviled that few parameters, 

including reactant concentration, reactant mixing ratio, reactant  

interaction time, etc., had a significant impact on the morphology and size of the 

nanoparticles. This work shows that 2, 4-D would be removed at a constant rate throughout 

the photo catalytic reaction (R
2
> 0.99). The highest percentage of 2,4-D herbicide 93.4% was 

efficiently degraded by the photo catalytic activity of Ag nanoparticles. (15 mg catalyst; 10 

ppm 2,4-D concentration). Sunlight showed a higher percentage of degradation as compared 

to artificial light. In view of this, it can be stated that Ag is a material with great potential for 

2,4-D photo catalytic degradation under optimal conditions. 
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1. INTRODUCTION 

The nanoparticles have physical, chemical, and biological characteristics that are different 

from those of the bulk materials.
[1] 

Silver and gold nanoparticles among the different 

inorganic nanoparticles offer exceptional material qualities and functional diversity.
[2]

 The 

uses of nano silver are numerous and significant. They are extensively utilised in photonics, 

microelectronics, photocatalysis, and antimicrobial processes.
[3],[4]

 A developing area of 

nanoscience during the past decade is the green synthesis of nanomaterials using various 

plant resources.
[5]

 

 

Nanoparticles were previously synthesised using physical and chemical processes.
[6]

 There 

are numerous drawbacks to chemical and physical approaches. Physical methods need a lot of 

energy and money; Chemical synthesis uses potentially harmful substances for the 

environment.
[7]

 Due to the increased demand for ecologically friendly material synthesis 

technologies, biosynthesis of nanoparticles has drawn a lot of attention.
[8]

 Biological methods 

of nanoparticle production involving microbes, enzymes, and plants or plant extracts have 

been developed as potential sustainable alternatives for chemical and physical processes.
[9]

 

Due to the simplicity of synthesis, ecological sustainability, and increased stability of 

nanoparticles, bio reduction approaches based on fungi, microbes, and plant extracts are 

currently being studied.
[10,11] 

 

The use of plant-based extracts to make AgNPs has become more popular.
[11]

 For the 

production of nanoparticles, plant extracts serve as reducing and capping agents.
[12]

 AgNPs' 

capping prevents nanoparticle agglomeration, lowers toxicity, and boosts antibacterial 

activity.
[13]

 Due to the simplicity of scaling up, the biohazards, and the complex process of 

maintaining cell cultures, using plant extracts for synthesis of nanoparticles may be 

more preferable compared to the use of microorganisms.
[14][15]

 In this context, neem leaf 

extract from the Meliaceae family plant (Azadirachta indica) was employed in order to 

convert silver ions to nanoparticles.
[16]

 Neem leaves extract was chosen for the current study 

because; (i) It does not require the addition of an external stabilising agent during 

synthesis(ii) It offers synergistic effects to enhance the antimicrobial properties of the 

synthesised silver nanoparticles (one of the major ends uses), and(iii) It has been shown to be 

non-pathogenic.
[17]

 The goal of this work was to assess the idea of environmentally friendly 
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synthesis of AgNPs using plant extract and to create a modified method for producing AgNPs 

at room temperature without the use of hazardous or toxic substances.
[18,19]

 

 

The generated particles were identified as silver nanoparticles by UV spectroscopic 

examination. The production of crystalline silver nanoparticles was confirmed by the X-ray 

diffraction analysis. The FESEMs showed that process variables such reluctant 

concentrations, mixing ratio of the reactants, and reactant interaction duration greatly 

influenced the morphology and size of the nanoparticles. 

 

Environmental contamination is a result of how rapidly human society has progressed and 

developed. In the case of the agricultural industry, cropland has been treated with herbicides 

to restrict the growth of seeds.
[19]

 In order to suppress the growth of broad-leaved weeds on 

rice, maize, wheat, and in post-emergence treatments, chlorinated peroxyacetic acid 

herbicides have been widely utilised in agriculture throughout the world. Because of its 

chemical and biological stability, 2,4-dichlorophenoxyacetic acid (2,4-D) is the herbicide 

which is most difficult to break down. It is regarded as a high-toxic contaminant that is 

carcinogenic and damages both humans and animals.
[20]

 

 

Receiving waters are contaminated by 2,4-D due to its extensive use and high solubility. High 

concentrations of this pesticide have frequently been found in drainage water and 

groundwater, according to reports.
[21] 

2,4-D has been discovered in shallow water resources, 

air, human food, and drinking water as a result of its widespread use, water solubility, and 

low soil adsorption coefficient.
[22]

 Water bodies are contaminated and put in risk by 2,4-D 

residues left over after its use on farming or from inappropriate disposal. Therefore, it is 

important to pay attention to the interest in the redemption of 2,4-D by improvements in 

materials and technology.
[23]

 When it comes to domestic water safety, the purification 

procedure must be extremely effective and free of secondary pollutants. Therefore, there is an 

urgent need for an effective way to remove this pesticide from water.
[20]

 

 

The use of photocatalysts in the photocatalytic degradation process is thought to be a 

practical and effective way to treat wastewater containing organic contaminants since it has a 

low operating cost and is effective for organic elimination. Different pre-synthesis extraction 

techniques used to create Ag nanoparticles were examined for their effects on the 

photocatalytic degradation of the herbicide dichlorophenoxyacetic acid (2, 4-D).
[24]
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The main objective of the present study is to synthesis silver nanoparticle and study the 

photocatalytic degradation efficiency of 2,4-D pollutant. To fulfil the project’s objective, the 

suggested research anticipates the following precise goals- synthesis of AgNPs photocatalyst 

by co-precipitation method, Study the synthesized nanoparticle’s morphological and 

structural characteristics, 2,4-D degradation by the photocatalytic activity of synthesised Ag 

nanoparticles and Optimization of various factors using Response Surface Modelling tool. 

 

2. MATERIALS AND METHODS 

2.1 Materials and Equipments 

All the chemicals and reagents were of analytical grade and were used directly without 

further purification. Silver nitrate and 2,4 -dichlorophenoxyacetic acid (2,4- D), which is is 

used as pollutant were obtained from Sigma-Aldrich, India. To prepare the aqueous solutions 

double distilled water was used. Neem leaves were collected from JSS AHER, Mysuru 

campus. Magnetic stirrer, Centrifuge, Hot air oven, Muffle furnace and 18-Watt LED light 

were used at different stages. 

 

2.2 Azadirachta indica (Neem) leaves extract preparation 

Fresh neem leaves were gathered from the university grounds in March. After being washed 

with tap water, the leaves are repeatedly rinsed with double-distilled water to remove the dirt 

and dust that are present on their surface. To make leaf extract, the washed leaves were dried, 

precisely weighed, and finely chopped. 500 ml of double-distilled water was added to 20 g of 

coarsely chopped neem leaves. The mixture was then heated for two hours at 40
0
 while being 

stirred with a magnetic stirrer. The extract was kept for later use, after being filtered using 

Whatman filter paper and brought to room temperature. This solution was led to the green 

synthesis of AgNPs.
[25,26]

 

 

2.3 Synthesis of silver nanoparticle  

100 ml of 1 M silver nitrate solution was made using silver nitrate which is depicted in the 

Figure1. Then 50 ml of neem extract was added to 50 ml of silver nitrate solution. (1:1 ratio). 

The whole process was carried out in a magnetic stirrer at 600 rpm for 3 hours. Then the 

solution was kept in dark for a day. The reduction of silver ions is confirmed by the colour 

change from colourless to brown. Later, this solution is held for centrifugation at 7000 rpm 

for 10 minutes at -2℃, it is then kept in a hot air oven set to 60
0
, retained for cooling at room 

temperature after drying. Afterwards calcination is done at 400
0
.
[27,28]
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Fig. 1: Preparation of Ag nanomaterial by Co-precipitation method. 

 

2.4 Characterization of the synthesized nanocomposite 

The above synthesized photo catalytic nanocomposite was characterized by using many 

different analytical techniques to analyse the obtained features such as structural elucidation, 

surface morphology, crystallometry and catalytic activity. The analytical techniques used 

include Field emission scanning electron microscopy, X- Ray diffraction, Fourier transform 

infrared spectrometry, Energy dispersive X-ray spectroscopy, UV-Vis’s spectroscopy.
[29]

 

 

2.5 Photodegradation of 2,4-dichlorophenoxyacetic acid (2,4-D)  

The organic compound 2,4-Dichlorophenoxyacetic acid, also known as 2,4-D, has the 

chemical formula C8H6Cl2O3 is a systemic herbicide. The photocatalytic capability of silver 

nanoparticles was assessed by evaluating the photodegradation of 2,4-D under both natural 

and 18-Watt LED light sources. The 2,4-D was photo catalytically degraded by putting 

5,10,15 mg of silver nanoparticles in three different containers with concentrations of 5,10 

and 15 ppm. The mixture was then maintained in dark condition for 30 minutes to reach in 

equilibrium. After 30 minutes, the mixture was kept in a magnetic stirrer under artificial light 

and stirred continuously. Same procedure was done under sunlight also. UV-Vis’s 

spectroscopy was used to measure absorbance at various time intervals.  

                                      (1) 

 

Where, Co is the initial concentration of the pollutant, Ct represents the final concentration of 

the pollutant after the time interval t.
[20,30]
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Table 1: Ranges of independent variables. 

Level Factors Upper limit Lower limit 

1 Pollutant’s Concentration (ppm) 5 15 

2 Amount of Catalyst (mg) 5 15 

3 Contact Time (minutes) 30 180 

 

2.6 Experimental design for RSM 

RSM has created a few statistical and mathematical techniques to assess the importance of 

various process parameters. JMP Pro 15 software was used to analyse the reaction, and 

experimental design calculations were used to anticipate the outcomes. The study focused on 

three parameters that had two central points and single replicates as outcomes in order to 

determine the best operating settings for the highest 2,4-D deterioration. The effects of three 

independent variables—concentration of pollutant, amount of catalyst, and duration period—

on the percentage of 2,4-D degradation were examined. The operational levels and ranges of 

the independent variables evaluated in this study are shown in Table 1. Table 2 displays the 

results of the nine experimental runs produced by the RSM technique and customised JMP 

software. In order to examine the effects of independent factors on the experimental study, 

the response% degradation of 2,4-D was used. To fit the experimental data, a model that 

correlates the independent variables was developed. 

 

3. RESULTS AND DISCUSSION 

3.1 Characterization of Ag Nanoparticle 

Morphology of the silver nanoparticle is shown in figure 2. The nanocomposites' 

microstructures (a) and (b) are enlarged using field emission scanning electron microscopy at 

X35,000and X80,000, respectively, discloses the morphological structures of the 

photocatalyst in accordance. Figure (b) clearly depicts the clumping of irregular particles. Ag 

has achieved granular structures. 

 

 

Fig. 2: FESEM representation of silver nanoparticles at different magnifications. 
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Silver nanoparticle synthesis was verified by EDX analysis. Energy Dispersive-X-ray 

Spectroscopy was carried out to find out overall compositions of elements in reaction mixture 

of neem extract and silver nitrate. During the EDX measurement, several areas were targeted, 

and figure 3 shows the pertinent peaks. N, O, and Ag have peaks that correspond to their 

respective K, K, and L shell transitions, respectively, in Figure 3, which also includes a data 

table with the weight percentages of each constituent in the material. The sample comprises 

1.01% N, 11.68% O, and 87.31% Ag, with atomic percentages of 4.49%, 45.29%, and 

50.22%, respectively. 

 

 

Fig. 3: Elemental composition of AgNPs. 

 

Figure 4 depicts the transmittance versus wave number graph from the FTIR analysis of 

silver nanoparticles. FTIR image of AgNPs produced by the plant extract displays spectra at 

3480, 1384, 1101 and 588 cm
-1

. A broad peak at 3480 cm 
-1

 relates to stretching vibrations of 

the hydroxyl group. A sharp peak at 1101 and 588 cm1 shows C-C-C and C-Br bending 

respectively and a small peak at 1384 indicates CH3CH group. 
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Fig. 4: FTIR Spectra of AgNPs. 

 

The most effective technique for identifying the crystalline structure in a sample using X-

Rays of a known wavelength is called X-Ray Diffraction analysis. By using the X-ray 

diffraction method, the phase identification of the silver nanoparticles was done. The powder 

XRD measurements in the 2θ range were acquired from 1° to 80°. The peaks occurred at 

33.75°, 37.96°, 44.49°, 64.34°, and 77.34°. The sample is silver nanoparticles, according to 

the diffraction pattern. The mixture's XRD pattern is displayed in figure 5. 

 

 

Fig. 5: XRD pattern of silver nanoparticles. 

 

A UV-VIS spectrophotometer was used to estimate the bandgap of the prepared 

nanocomposite. The UV-Vis spectra were obtained in the 300-800 nm range, as shown in 

Figure 6 The optical bandgap (Eg) was calculated to be 1.55 eV. Equation (2) is used to 

determine Eg where h is the Planck constant, υ is the frequency, α is the absorption 

coefficient, and hυ is the incident photon energy ---------------(2) 
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Fig. 6: UV-Vis spectra and band gap. 

 

3.2 Statistical analysis and model development (Response surface modelling for 2,4-

Dichlorophenoxyacetic acid degradation) 

Response Surface Methodology analysis was carried out for each of the nine trials as they 

were obtained considering the three independent variables in order to optimise the response 

factor (pollutant degradation). The initial 2,4-D concentration, the amount of catalyst, and the 

contact time are all coded as X1, X2, and X3, accordingly. An estimated nine separate 

experimental trials were produced using the programme mentioned above, and they are 

shown in Table 2 below. The 2,4-D photo catalytic degradation% was calculated for each 

trial that was conducted. The relationship between the actual degradation and the anticipated 

degradation (in both 18-Watt LED light and natural light) is plotted in this study to assess if 

the used model is relevant or negligible for the pollutant degradation, as illustrated in Figures 

7 (a) and (b) below. 2,4-D photo degrades at a rate of 0.98961 R sq. for photo degradation 

under 18-Watt LED light and 0.99239 R sq. for photo degradation under sunlight. 

Additionally, the P-value and mean square root error under artificial light are 0.8836 and 

0.0304, but they are 0.0516 and 4.5564 in sunlight. 
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Table 2: Experimental trials created by the RSM method using a custom design. 

Trial 

No. 

Pollutant 

Concentration 

(ppm) 

Amount of 

Catalyst 

(mg) 

Contact 

Time(minute

s) 

%Degradation 

(18-Watt LED 

light) 

% 

Degradation 

(Sunlight) 

1 5 5 30 20.0% 24.2% 

2 5 5 180 69.6% 73.3% 

3 5 15 30 31.5% 35.0% 

4 10 10 105 68.2% 72.1% 

5 10 10 180 85.8% 90.0% 

6 10 15 180 90.2% 93.4% 

7 15 5 30 46.0% 51.4% 

8 15 5 180 88.0% 91.6% 

9 15 15 105 71.1%% 74.3% 

 

 

Figure 7: (a) and (b) Graph showing the relationship between actual and anticipated 

degradation when exposed to 18-Watt LED light and sunlight respectively. 

 

The reliability of the developed model's anticipated results was confirmed using an ANOVA-

based study. ANOVA (analysis of variance) is used to obtain the degrees of freedom (DF), 

sum of squares, mean square, F ratio, and p-value. The results are compiled in Table 3. The 

sum of the squares from each of the several sources is divided by the relevant degrees of 

freedom for the model and the error variance to produce the mean square values. The model 

is further tested in terms of F-value and p-value to confirm its significance. In statistics, a 

significant model is one with a high F-value (89.4176) and a low P-value (0.0001) in case of 

artificial light and F-value (74.3583) and a low P-value (0.0001) in case of sunlight. 

Additionally, the model's fit is confirmed by the coefficient of determination (R
2
). As can be 

shown in Fig. 7(b), the value of the coefficient of determination in this study is R
2
=0.99139 

under sunlight and 0.98961 under 18-Watt LED light. This shows that 99.10% and 98.90% of 

the response's variability may be explained by the proposed model. Additionally, the 



Pallavi et al.                                                                        World Journal of Pharmaceutical Research 

www.wjpr.net      │     Vol 15, Issue 3, 2026.      │     ISO 9001: 2015 Certified Journal      │ 

 

 

 

1220 

significant nature of the generated model is demonstrated by the high coefficient of 

determination (R
2
=0.99139). 

 

The relevance of each model parameter (p-value and Log Worth) is shown in Figure 8 here. 

The Log-Worth is denoted by the notation "-log10 (p-value)", which modifies the p-values to 

produce a scale that is appropriate for graphing. The reference blue line indicates the two-

equivalent -log10(0.01) value. A variable is considered relevant if its Log-Worth value is 

more than two. Regarding these factors, it was discovered that the contact time had the 

biggest impact on pollutant’s degradation, with logarithms of 2.097 and 0.0079, respectively. 

The remaining factors, including Pollutant concentration, amount of catalyst, Pollutant 

concentration*contact period, Catalyst dosage*contact period, and (Pollutant 

concentration*Catalyst dosage), contain a Log-Worth value. 

 

Table 3: Analysis of variance 

(a) 18-Watt LED light.  

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

Model 3 0.50311689 0.167706 89.4716 

Error 5 0.00937200 0.001874 Prob > F 

C. Total 8 0.51248889  <.0001* 

 

(b) Sunlight 

Source DF Sum of Squares Mean Square F Ratio 

Model 3 0.49380409 0.164601 74.3583 

Error 5 0.01106813 0.002214 Prob > F 

C. Total 8 0.50487222  0.0001* 

 

 

Fig 8: Effect summary revealing the P-value and Log Worth (a) sunlight (b) 18-Watt 

LED light. 
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Figure 9 (a) and (b) illustrates residuals vs. anticipated values and residuals, (a) Artificial 

light and (b) sunlight respectively. A probability distribution of remnants in a range between 

0 and 0.06 is shown in Figure 10 (a). Figure 10 (a) displays a stochastic distribution of 

residues with a range of 0 to 0.06. Figure 10 (b) displays a probability distribution of 

remnants with a range of -2 and +6.0. The depiction also implies that they are not having a 

clear pattern or odd structures.it also implies that there are not any clear patterns or odd 

structures. The illustration of equivalent dispersion below the x-axis adds to the proof that the 

recommended model is appropriate. Due to the large data points, there is zero residual values 

and the large points align to create a straight line, the line fit is seen as being more accurate. 

The constant variance plot of residuals vs. anticipated values was used to test acceptability, 

while the residuals vs. row number diagram in Fig.9 (a) and (b) was utilized to uncover 

hidden variables that might impact the response during the experimental activity. 

 

 

Fig. 9: Graph of degradation residual vs. predicted degradation- (a) Artificial light and 

(b) sunlight. 

 

 

Fig. 10: (a) Graph of residual vs. row number – 18-Watt LED light and (b) sunlight. 

 

To better understand how the independent experimental variable affected the degradation of 

2,4-D, JMP was utilised to construct a three-dimensional response surface map. When the 

pollutant concentration (10 ppm) was at its lowest and the amount of catalyst (15 mg) and 

duration period (3 hours) were at their highest levels in this investigation, the maximum 2,4-

D degradation (93.4%) was seen which was under sunlight. The pollutant concentration (10 
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ppm) was at its lowest and the amount of catalyst (15 mg) and duration period (3 hours) were 

at their highest levels under artificial light, and 2,4-D degradation was 90.2%. In case of low 

concentration of pollutant and duration period and high dose of catalyst under natural light, 

the 2,4-D degradation was about 35.0%, while it was 31.5% under artificial light. 

Additionally, the pollutant degradation was lowest when the amount of catalyst, pollutant 

concentration, and duration period were at their lowest values. The 3D response surface 

illustrates are shown in the Figure 11, 12 and 13 below. Surface plot in figure 10 shows the 

impacts of pollutant concentration and catalyst dosage on the breakdown of 2,4-D in both 

artificial and natural light. The outcomes were plotted in relation to two variables. The results 

showed that there were substantial interactions between all three parameters. According to the 

response surface plot in Figure 10, there is a minor rise in the pollutant's percentage of 

degradation as the pollution concentration rises. The molecules of the photo catalyst and 

pollutant undergo significant changes in surface charge during this process. According to Fig. 

11, the pollutant degradation is significantly influenced by the contact time. In comparison, 

longer contact duration enhanced pollutant degradation. With the lengthening of the 

experiment, the degradation percentage significantly increased under both artificial and 

natural light. Figure 12 illustrates how the 2,4-D degradation percentage is significantly 

impacted by the contact time and pollutant concentration. When the pollutant is exposed to 

the catalyst for a longer period, the degradation rate increases. The impact of Catalyst dosage 

vs contact time is depicted in the figure 13. As clearly shown in the Figure 13 as the contact 

time increases the percentage degradation increase even when the catalyst dosage is less 

clearly depicting the duration of the advanced oxidation process plays an very important role 

in this method. 

 

 

Fig. 11: (a) and (b) An illustration showing the influence of experimental variables on 

2,4-D degradation as response surface plots, Catalyst dosage vs. Pollutant concentration 

under 18-Watt LED light and sunlight respectively. 
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Fig. 12: (a) and (b) An illustration showing the influence of experimental variables on 

2,4-D degradation as response surface plots, Pollutant concentration vs. Contact time 

under 18-Watt LED light and sunlight respectively. 

 

 

Fig. 13: (a) and (b) An illustration showing the influence of experimental variables on 

2,4-D degradation as response surface plots, Catalyst dosage vs. Contact time under 18-

Watt LED light and sunlight respectively. 

 

4. CONCLUSION 

This study revealed an easy one-pot green production of stable silver nanoparticles using A. 

indica leaf extract at room temperature. Coprecipitation method was employed for the 

synthesis of silver nanoparticles which exhibited a remarkable photo catalytic degradation of 

2,4-D with 90.20% degradation at 10ppm pollutant concentration, 15mg catalyst dosage 

under artificial light for 3 hours of contact time and 93.40% degradation at 10 ppm pollutant 

concentration, 15 mg catalyst dosage under sunlight for 3 hours of contact time. It was 

discovered that process parameters such the concentration of the neem broth, the ratio of 

neem extract to AgNO3 solution, and the interaction time, had a significant impact on the 
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form and size of the nanoparticles produced through bio reduction by neem leaf extract. 

Furthermore, the relevance of the independent variables like amount of catalyst, pollutant 

concentration, and duration period was explained by the response surface plots generated by 

the RSM model. RSM made the optimization process, much efficient and scientific. The 

results obtained using laboratory experiments and the RSM tool was agreeable with an R sq. 

value of 0.98961 and P value of 0.0304 under artificial light and R sq. value of 0.99139 and P 

value of 0.0256 under sunlight. The results demonstrate that the RSM is an excellent tool for 

enhancing operational mode and a low-cost way for reducing experimentation.  
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