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Abstract- The water soluble fraction (WSF) of diesel particulate matter (DPM), an environmental pollutant was used to 

synthesize silver nanoparticles (AgNPs).  FTIR, fluorescence and UV-Vis data suggest that water soluble oxygenated 

PAHs in the WSF of DPM are capped to the surface of AgNPs providing the stability. The particle size, the size 

distribution, and the crystalline nature were confirmed by transmission electron microscopy (TEM) and X-ray diffraction 

(XRD) analysis. The particles are spherical in shape having an average size of 7.7±1.5 nm. The antimicrobial activity of 

synthesized AgNPs was investigated using Agar well diffusion method and an enhanced activity was shown against the 

pathogens of Candida albicans, Escherichia coli and Staphylococcus auerus. A high level of photocatalytic activity for 

the degradation of rhodamine B and 2,4-dichlorophenoxyacetic acid (2,4-D), a common dye and a pesticide was 

exhibited by the AgNPs.  
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I.  INTRODUCTION  

iesel particulate matter (DPM) arising from diesel combustion has a number of undesirable environmental impacts on human 

health, climate, and ecology [1, 2]. Both stationary and mobile applications based on diesel combustion are heavily used 

throughout the world such as in electric power plants and automobile industry. Although, diesel particulate filters are installed in 

engines to reduce the emission of particulates to the environment, a large amount of DPM is discharged to the environment, 

especially during the regeneration process of the particulate filters [3].  Hence, the ability to utilize DPM for a potential 

application can be highly beneficial to the environment [4, 5].  

DPM contains carbonaceous materials that includes unburned fuel molecules, partially burned fuel molecules, inorganic 

matter, and oxygenated PAHs adsorbed onto elemental carbon [6, 7]. Oxygen inside the internal combustion engine reacts with 

the hydrocarbons present in diesel fuel to produce a broad range of compounds that include aliphatic and aromatic aldehydes, 

mono- and poly- substituted benzene, and oxygenated PAHs [8-10].  The polarity of these organic compounds varies widely and 

some of which are water soluble [11, 12]. 

Among many types of metallic nanoparticles, AgNPs have shown a broad range of applications in medicine, renewable 

energies, and environmental remediation due to their unique optical, electrical, thermal and biological properties [13-17]. 

Controlling the physicochemical properties of AgNPs is a key aspect in developing technological applications which is heavily 

dependent on the method of synthesis, temperature, nature of the reducing and stabilizing agents. The chemical methods [14, 15, 

18] hold several advantages over the other preparation methods, such as the simplicity in the procedure, and the consistency in the 

physicochemical properties. In chemical methods, the preparation of colloidal dispersion of AgNPs in water or in organic solvents 

is generally performed by chemical reduction. The use of naturally occurring reducing agents such as polysaccharides, plant 

extracts, or liquid mixtures of microorganisms has become popular in the synthesis of AgNPs due to the low cost and minor 

environmental impact [19-21]. Plant extracts, generally contain fairly large number of carbonyl and phenolic compounds that 

collectively provide a sufficient potential for the reduction of silver ions to metallic silver and the required stability for the AgNPs 

[22]. The aggregation of metallic silver atoms in to nano-sized, usually spherical particles are subsequently stabilized either by 

electrostatic or steric forces [23-25].   

One of the most noticeable characteristics of AgNPs is its antimicrobial property. Silver is well known for its inhibitory 

effect on many microorganisms commonly present in medical and industrial processes [26]. Antimicrobial property of silver is 

greatly enhanced, if silver is transformed to a nanoparticle. This paper reports the antimicrobial potential of synthesized AgNPs 

against three common pathogens, Candida albicans, Escherichia coli and Staphylococcus auerus. Furthermore, the photocatalytic 

activity of AgNPs has gained a renewed interest in redox conversions of some organic compounds [27-30]. Silver nano particles 

give rise to SPR, which results from oscillating electrons of silver under the influence of visible light in the wavelength ranging 
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from 400 - 500 nm. This unique behaviour is limited to a few metals like Au, Ag, Cu, and Pt [27]. Exploiting this property is 

already seen in many applications that include surface-enhanced Raman spectroscopy, photocatalysis and in biosensors [31, 32]. 

We have successfully used the AgNPs synthesized from WSF of DPM for the photocatalytic degradation of an organic dye, 

rhodamine B and a pesticide, 2,4-D. In the present study, fluorescence quenching behavior of oxygenated PAHs and the surface 

plasmon resonance (SPR) peak intensities were analyzed as a function of WSF of DPM to Ag ion concentration to determine the 

capping action of the oxygenated PAHs in the formation of AgNPs. The idea of using DPM in the synthesis of AgNPs is novel 

and has not been previously attempted to our knowledge and we have proved the possibility of synthesizing AgNPs directly from 

the diesel engine exhaust. 

 

II.  MATERIALS  AND METHO DS 

 

A. Preparation of the water extract of DPM  
DPM was collected from diesel particulate filters located near the engines of passenger transport vehicles of a central 

depot in Colombo, Sri Lanka.  A Soxhlet extraction method was used to obtain the water soluble fraction of DPM.  A volume of 

200 mL of double distilled, deionized water and 2.0 g of DPM were used for the extraction. The Soxhlet apparatus was adjusted to 

8 cycles per hour and was run continuously for 8 hours.  

 

B. Synthesis of AgNPs from DPM  

Firstly, 8.0 mL of fresh water extract of DPM and 2.0 mL of 0.2 M KOH (Loba Chemie) were mixed to make the water 

extract basic. Then, 7.5 mL of the basified extract was gradually introduced to a boiling solution of 140 mL of 1.0 mM AgNO3 

(Park Scientific) under constant stirring within a period of 30 minutes. The solution was continually heated and stirred for another 

30 minutes. The solution was cooled down prior to the use. 

 

C. Synthesis of AgNPs from direct diesel engine exhaust (DEE) 

A direct injection, light duty Toyota 2C diesel engine was run on the idle mode to produce continuous and uniform flow 

of exhaust fume. The exhaust pipe was directly connected to a three-neck round-bottom flask containing a volume of 200 mL of 

distilled water adjusted to pH 9 with KOH. The diesel engine exhaust was purged into the three-neck round-bottom flask for 30 

minutes.  Then, 5 mL of this solution was gradually added to a boiling solution of 100 mL of 1.0 mM AgNO3 under constant 

stirring within a period of 30 minutes. The solution was allowed to cool prior to the use. 

 

 

D. Characterization of AgNPs 

The preliminary characterization of synthesized AgNPs was carried out using a Perkin Elmer Lambda 35 UV-Vis 

spectrometer. The morphology of AgNPs was assessed by the high resolution transmission electron microscopy (HR-TEM ZEISS 

Libra 200 Cs-TEM) at an accelerating voltage of 200 kV.  The X-ray diffraction pattern of synthesized AgNPs were obtained 

using Ragaku Ultima-IV diffractometer. The Fourier Transform Infrared spectroscopy, FTIR (Thermo Scientific Nicolet iS10) 

spectra were recorded using KBr pellets. Powdered samples were obtained by centrifugation at 40,000 rpm (SORVALL RC 

M120GX) for ~20 minutes. 

 

E. Fluorescence quenching of PAHs by AgNPs 

Fluorescence spectra were obtained (Thermo Scientific Lumina) for a series of samples prepared by varying volume 

ratios (0:10 – 10:0) of 1.0 mM Ag
+
 : WSF of DPM (pH of 12). For all fluorescence measurements, the excitation wavelength was 

set at 350 nm and emission spectra were recorded in the wavelength range of 380 nm to 600 nm. UV-Vis spectra of each mixture 

were also recorded in order to detect AgNPs formation via the SPR peak. Crystals of NaCl were added and fluorescence intensity 

was re-measured at room temperature of the samples that showed a drop in the fluorescence intensity after the addition of silver 

ions into the WSF of DPM.     

    

F. Microorganisms 

Candida albicans (ATCC 10231), Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 25623) were 

obtained from the culture collection (Department of Microbiology, Faculty of Medical Sciences, University of Sri 

Jayewardenepura).  Candida albicans was cultured in Sabouraud Dextrose Agar (HiMedia) and Escherichia coli and 

Staphylococcus aureus were cultured in nutrient agar (HiMedia) for 18 hours at 37 
o
C before each experiment. 

     

G. Antimicrobial activity by agar well diffusion assay 

Antimicrobial activity of the synthesized AgNPs was determined using the well diffusion method [33]. Overnight grown 

cultures of the test organisms were suspended in sterile physiological saline and the absorbance was adjusted to 0.5 McFarland 

standard. The standard bacteria suspension and Candida suspension were lawned on Mueller Hinton Agar (MHA, HiMedia, India) 

and SDA (HiMedia, India), respectively using the spread plate method. A sterile 9 mm cork borer was used to prepare wells and 

the bottoms of the wells were sealed with sterile molten agar. The wells were loaded with 200 µl of freshly prepared AgNPs 

solutions from both WSF of DPM and the direct DEE.  The three control wells were loaded with 1mM AgNO3, sterile distilled 
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water and the water extract of DPM.  Plates were incubated at 37 °C for 24 hours. All experiments were done in triplicates. The 

average Zone of inhibition (ZOI) was calculated. 

H. Photocatalytic study  

The photocatalytic experiments using the synthesized AgNPs were carried out for an organic dye, rhodamine B (Loba 

Chemie) and a common pesticide, 2,4-D (Sigma-Aldrich).  The test solutions containing 100.0 mL of distilled water and 100 ‘l of 

AgNPs were mixed with either rhodamine B or 2,4-D until an optical absorbance of one at its maximum absorbance wavelength 

was reached.  The samples were irradiated using a Philips Hg arc 250 W UV-Vis light source. The rate of photodegradation was 

studied by measuring the absorbance at 550 nm (for Rhodamine B), and 283 nm (for 2,4-D) of the test solutions by withdrawing 

samples at 0, 30, 60 and 90, 120, and 150 minutes illumination time intervals. Control experiments were also carried out with 

100.0 mL of water and 50.0 mL of the analyte in the absence of AgNPs.  The test solutions were kept under dark conditions for 30 

minutes to equilibrate before irradiation. 

 

III.  RESULTS AND DISCUSSION 

A. Nanoparticle characterization 

The synthesised AgNPs produce a characteristic absorption in the UV-Vis spectrum (Figure 1b) around 400-500 nm 

region due to the surface Plasmon resonance (SPR). The appearance of a peak at 401 nm, with a FWHM (Full Width at Half 

Maximum) of 80 nm is a strong indication for the formation of AgNPs with smaller particle sizes. The WSF of DPM does not 

show any absorption features in the 400 nm region (Figure 1a).  

 

Figure 1: UV-Vis absorption spectra of (a) WSF of DPM and (b) synthesized AgNPs from WSF. 

The surface morphology of the synthesized AgNPs was studied by TEM images. The TEM image (Figure 2.) indicates 

that AgNPs are spherical in shape and are fairly monodispersed. The inset of Figure 2 shows the particle size distribution of 

AgNPs derived from TEM data. The average diameter of the nanoparticles is 7.7±1.5 nm, which is smaller than the average 

diameters of AgNPs synthesized from some reported plant extracts [21, 34]. Having a smaller particle size is advantageous to 

enhance the properties like photocatalytic and antimicrobial activities.   
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Figure 2:  TEM image of synthesized AgNPs. Insert: Particle size distribution. 

 

X-ray diffraction pattern recorded for the synthesized AgNPs (Figure 3) is matched with the peak distribution of metallic 

silver (Ag, JCPDS # 89-3722). The four peaks of pure silver observed at 2ɗ = 38.09°, 44.30°, 64.43° and 77.42° in the 

diffractogram are index as (1 1 1), (2 0 0), (2 2 0), and (3 1 1), respectively. The crystal nature of synthesized AgNPs is 

particularly evident by the XRD data. The UV-Vis, TEM, and XRD data collectively provide a strong evidence for the formation 

of AgNPs from the molecules present in the WSF of DPM.  

 

Figure 3:  X-ray diffraction pattern of synthesized AgNPs. 

 

The chemical nature of organic compounds present in the WSF of DPM plays a vital role in understanding the 

mechanism behind the formation of AgNPs. The FTIR spectra of DPM, WSF of DPM and the synthesized AgNPs are shown in 

Fig. 4. The FTIR spectrum of DPM (Figure 4a), clearly shows the vibration modes corresponding to the hydroxyl (~3442 cm
-1
), 

and carbonyl (~1602 cm
-1
 and 1718 cm

-1
) groups. The appearance of a weak peak at 2921 cm

-1
 corresponds to the aliphatic C-H 

stretching vibration modes. Figure 4a is in strong agreement with the previously recorded FTIR spectrum of DPM [35]. As 

reported in previous investigations [8, 11], DPM contains a variety of compounds from oxygenated PAHs, mono and poly-

substituted benzenes, to aliphatic aldehydes, and ketones corresponding to a broad range of polarities. According to Liang et 

al.[6], 20-percent of the total organic compounds in diesel soot corresponds to n-alkanoic and aromatic acids. The low pH (2.7) of 

the WSF of DPM, further indicates the presence of a significant amount of carboxylic acids in WSF of DPM.  The FTIR spectrum 

of a freeze dried sample of WSF of DPM (Figure 4b) confirms the presence of organic compounds in the water extract of DPM. 

The peaks around 3400 cm
-1 

and 1718 cm
-1
 correspond to the presence of hydroxyl and carbonyl compounds. The presence of a 

broad peak at 3350 cm
-1
 and a sharp peak at 1636 cm

-1
 in the FTIR spectrum of AgNPs (Figure 4c) synthesized from WSF of 

DPM is a direct confirmation for the involvement of hydroxyl/oxo substituted organic compounds during the formation of AgNPs. 

Peaks at 1046 cm
−1

 can be assigned to –C–O (ether linkages) [36] and the peak at 1402 cm
−1

 may be assigned to geminal methyls 

based on the previously published work [37].  The bands at 3350 cm
-1
 correspond to -OH stretching vibrations indicating the 
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presence of alcohol and/or phenol [38]. The studies based on aqueous extracts of plant materials to synthesize AgNPs have shown 

a strong connection between the presence of organic compounds with a minimum of two hydroxyl groups at ortho and para 

positions of a phenyl ring and a tendency to reduce and stabilize the silver ions to its metallic form [39]. Therefore, the hydroxyl 

compounds in the WSF of DPM as confirmed by the FTIR analysis play a similar role during the formation of AgNPs.  

  

 

Figure 4:  FTIR spectra of (a) DPM, (b) WSF of DPM and (c) synthesized AgNPs from WSF. 

B. AgNPs from diesel engine exhaust fumes 

The UV-Vis absorption spectrum of AgNPs synthesized directly from the diesel engine exhaust fumes (DEEF) is shown 

in Figure 5. The SPR peak is positioned at 409 nm and has a FWHM of 160 nm, which is broader than the FWHM of the SPR 

peak observed for the AgNPs synthesized from the WSF of DPM. It indicates a broader particle size distribution for the AgNPs 

synthesized from direct DEEF when compared with WSF of DPM. The inset in Figure 5 is the XRD pattern of the AgNPs 

synthesized from direct DEEF. The DEEF contains a large amount of volatile organic compounds in addition to diesel particulate 

matter [40]. Therefore, a wider range of reducing agents could be available to form the AgNPs during the synthesis than from the 

WSF of DPM. This confirms that the synthesis of AgNPs by DEEF is simple and faster than extracting WSF from DPM.  

 

Figure 5: UV-Vis absorption spectrum of AgNPs synthesized directly from the DEEF. Inserted: X-ray 

diffraction pattern. 
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C. The role of oxygenated PAHs in the formation of AgNPs  

The intense fluorescence signal observed at 420 nm for WSF of DPM allows to understand the capping action of water 

soluble PAHs. In this regard fluorescence quenching studies (see Figure 6a) were performed with the addition of varying volume 

ratios of Ag
+
 to the WSF of DPM. A gradual decrease in the fluorescence signal was observed as a function of increasing Ag

+
 

concentration for the mixtures up to 0 % to 40%. A sudden drop in the fluorescence signal was observed after mixtures having 

>50% of Ag
 
ions. UV-Vis absorption spectra were also recorded simultaneously for the same samples (see Figure 6c) and the 

appearance of SPR peak at 470 nm was evident at a ratio of 1:1 with a drop in the fluorescence intensity suggesting the surface 

capping of fluorophores present in the WSF to the AgNPs. In order to confirm that the observed drop in the fluorescence signal 

was not due to the dilution effect, a control experiment (see Figure 6b) replacing Ag
+
 with water was also carried out.  

 

Figure 6: Fluorescence emission spectra for the mixtures containing different volume ratios (a) WSF and Ag
+
 (10:0 to 0:10). (b) 

WSF and H2O (10:0 to 0:10). (c) UV-Vis absorption spectra for the mixtures containing different volume ratios WSF and 

Ag
+
(10:0 to 0:10) represented by (i)-(x). 

The relative fluorescence intensities (i.e. I/I0 at max.) vs. ratios of Ag
+
 to the WSF of DPM were plotted (Figure 7a). It 

shows a sharp drop after 40% of Ag
+
 addition into the WSF of DPM, indicating the presence of an efficient fluorescence 

quenching process, occurring once AgNPs are formed. Whereas, addition of water, i.e. control experiment (see Figure 7b) 

suggests that the decrease in the fluorescence intensity is due to the dilution effect. The quenching of fluorescence of oxygenated 

PAHs by AgNPs may arise from the formation of a static complex via electrostatic interactions. A previous investigation[16] 

using fluorescing molecules as a local probe of the surface Plasmon field of metallic NPs, indicated that the quenching rate 

showed a strong correlation on the distance between the probe and the metal surface. A direct binding of the fluorescing probe to 

the metal surface resulted a complete quenching.   

 

Figure 7: The variation of fluorescence emission intensity as a function of volume ratio between WSF of DPM and (a) Ag
+
 (b) 

H2O. 
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Figure 8(a) demonstrates the recovery of fluorescence signal from synthesized AgNPs samples by changing the ionic 

strength with the addition of NaCl. The formation of an electrostatic complex during the quenching process was further supported 

by the recovery of the fluorescence signal upon changing the ionic strength [41]. A sample of synthesized AgNPs displaying 

quenched fluorescence (Fig. 8a(i)) was mixed with a few NaCl crystals at room temperature to recover the signal as shown in 

Figure 8a(ii). Figure 8(b) shows the UV-Vis absorption spectra of the samples used to obtain the data in Figure 8a(i) and Figure 

8a(ii) . The sample with recovered fluorescence signal has no SPR peak (Figure 8b(ii)) indicating a dissociation of electrostatic 

complex/AgNPs to release oxygenated PAHs to fluoresce.  Therefore, it can be concluded that oxygenated PAHs in WSF of DPM 

act as capping materials in the synthesis contributing to the stability of AgNPs.  

 

Figure 8: (a) The florescence emission spectra of (i) before (ii) after addition of NaCl. (b) UV-Vis absorption spectra of (i) before 

addition of NaCl. (ii) after addition of NaCl for the synthesized AgNPs from WSF. 

D. Antimicrobial activity  

The presence of a zone of inhibition (ZOI) for the two types of AgNPs synthesized through WSF of DPM and direct 

DEEF demonstrated antimicrobial activity against C. albicans, E. coli and S. aureus (see Table I). The antimicrobial activity of 

the AgNPs was compared with 1 mM AgNO3 solution. Sterile distilled water and water extract of DPM were used as the negative 

control. All tested microorganisms exhibited comparable ZOIs to 1 mM AgNO3, which is a well-known antimicrobial agent 

(Figure 9). AgNPs synthesized with the WSF of DPM exhibited a stronger antimicrobial activity compared to DEEF AgNPs 

(Figure 9 and Table I). The yeast C. albicans exhibited the strongest inhibition by both types of AgNPs compared to the bacteria 

E.coli and S. aureus. The water extract of DPM do not show any ZOI for all three microorganisms, indicating an insignificant 

level of antimicrobial activity.  The results clearly indicate that AgNPs synthesized and stabilized with water soluble compounds 

present in the DPM is a potent antimicrobial agent against the investigated microbes.  

 

 

Figure 9: Antimicrobial activity determined using agar well diffusion method. Photograph of (a) C. albicans, (b) E. coli and (c) S. 

aureus. ZOI of 1, 2, 3, 4 and 5 are for AgNO3, direct DEE-AgNPs, WSF of DPM, WSF-AgNPs and distilled water (DW), 

respectively. 
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Table I. Average zones of inhibition of the AgNPs against the three test organisms after incubation at 37 ̄C for 24 hrs. ZOI of 1, 

2, 3, 4 and 5 are for AgNO3, direct DEE-AgNPs, WSF of DPM, WSF-AgNPs and distilled water (DW), respectively. 

Organism 

ZOI (mm)  

AgNO3 
Direct DEE-

AgNPs 

WSF of 

DPM 
WSF-AgNPs DW 

Candida albicans 1.8 ± 0.07 1.4 ± 0.07 - 1.6 ± 0.14 - 

Escherichia coli 1.2 ± 0.07 1.0 ± 0.07 - 1.2 ± 0.12 - 

Staphylococcus auerus 1.2 ± 0.07 1.0 ± 0.07 - 1.1 ± 0.07 - 

 

A high surface to volume ratio of smaller AgNPs results in higher antimicrobial potential. It has been reported that 

AgNPs bind to the surface of the cell membrane thereby disrupting its functions [42]. Silver ions released from the cell membrane 

contribute to the antimicrobial activity [43]. Further, the NPs penetrate the cell membrane and bind to intracellular organelles such 

as the mitochondria and nucleus leading to disruption of metabolic pathways and DNA replication [44]. The structure, thickness 

and composition of the cell wall are important factors affecting the antimicrobial activity. The Gram positive cell wall of S. aureus 

has greater cell wall thickness compared to Gram negative bacteria. Further the negatively charged cell wall peptidoglycan results 

in the Ag ions being stuck on to the cell wall preventing the penetration inside the cell and whereby Gram positive bacteria 

become more resilient to its action. In contrast, the thin cell wall of Gram negative bacteria containing Lipopolysaccharides which 

have a high negative charge promotes adhesion of AgNPs and its penetration within the cell [45]. Further the strong antimicrobial 

activity of AgNPs observed in this study against Candida albicans is suggested to be due to the NPs acting on yeast cells by 

disrupting the cell membrane and inhibiting the normal budding process due to its negative impact on membrane integrity [46].  

 

3.5 Photocatalytic activity of synthesized AgNPs 

The surface Plasmon induced photocatalytic activity of AgNPs prepared by the WSF of DPM was assessed using the 

photodegradation of an organic dye, rhodamine B, and a widely used pesticide 2,4-D (2,4-Dichlorophenoxyacetic acid). The 

photodegradation was measured by monitoring the absorbance at the maximum absorption wavelength, 560 nm for rhodamine B 

and 290 nm for 2,4-D. The degradation kinetics are shown in Figure 10a and 10b. The analyte samples exhibit a significant level 

of photodegradation in the presence of AgNPs.  

 

Figure 10: The photodegradation of (a) rhodamine B and (b) 2,4-dichlorophenoxyacetic acid in the presence of AgNPs as a 

function of irradiation time. 

The drop of the analyte concentration after 150 minutes of exposure to the UV-Vis radiation was 41-percent for 

rhodamine B and 39-percent for 2,4-D, in the presence of the same catalytic load. The control experiments were also carried out in 

the absence of AgNPs for the samples and showed only about 3-percent of photodegradation within the same exposure time (not 

shown in the figure). The fast degradation of the analyte molecules under UV-Vis light irradiation in the presence of AgNPs 

suggests that the catalytic reaction is greatly accelerated by UV-Vis radiation. AgNPs absorb UV-Vis photons due to interband 

electron transitions and localized surface Plasmon resonance effect. The mechanism of the Plasmon-induced reaction can be 

represented in the following manner [47];  
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 •OH + OH

−
 + O2     (5) 

H2O + h
+
  •OH + H

+      
(6) 

dye + •O2
− 
(or •OH, H2O2)  degradation products   (7) 

 

IV.  CONCLUSIONS 

The water soluble fraction (WSF) of DPM, a known environmental pollutant was utilized as a novel reducing agent for 

the synthesis of AgNPs. The method is simple when compared with the existing methods. TEM confirms that the synthesized 

AgNPs are spherical in shape with an average diameter of 7.7 nm. Further, the synthesis of AgNPs from diesel engine exhaust 

fumes (DEEF) is possible and the present study has revealed that the water soluble organic compounds formed during the internal 

combustion of diesel fuel can convert silver ions in to silver nano-clusters under basic conditions. The AgNPs synthesized either 

by WSF of DPM or the DEEF display the potential antimicrobial activity against Candida albicans, Escherichia coli and 

Staphylococcus auerus. The surface Plasmon induced photocatalytic activities were also observed for the organic dye, rhodamine 

B and a common pesticide 2,4-D. 
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