PHYTOREMEDIATION OF TNT-CONTAMINATED SOILS USING NITRATE REDUCTASE EXTRACTED FROM SPINACIA OLERACEA

Clinton P. Richardson and Enric Bonmati (New Mexico Tech, Socorro, NM, USA)
ABSTRACT: 2,4,6-trinitrotoluene (TNT) transformation studies were conducted on an unsaturated soil using an enzyme extracted from Spinacia oleracea.  Microcosms containing 250 g of sandy loam soil spiked with 2500 mg/kg TNT and 1000 mg/kg RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) were dosed with fixed aliquots of extract every third day for periods of 15 and 30 days.  TNT transformation followed first-order kinetics.  Rate constants were fit to a rectangular hyperbola function based on enzyme saturation and normalized for enzyme activity.  Using a Hanes-Woolf transform of the saturation kinetics with respect to total applied enzyme activity per mass of soil (U/g) indicated a maximum reaction rate of 0.08 d-1 and a half-saturation constant of 4.3 U/g.  TNT transformation was also characterized with respect to percent transformation (%), average transformation rate (mg/d), and normalized average transformation rate with respect to applied spinach mass (mg/g/d).  Better efficiency was achieved at lower applied dosing of enzyme over a longer remediation period.  Changes in moisture tension between intermittent enzyme dosing could also influence overall effectiveness of the nitrate reductase enzyme in an unsaturated soil.

INTRODUCTION
Nitroaromatic residues of TNT (2,4,6-trinitrotoluene) and RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) are commonly encountered in munitions-contaminated soils at military installations worldwide.  To date no general remediation criteria exist for contaminated soils.  Instead, clean-up levels in soil have been evaluated on a case-by-case basis depending upon the extent of soil contamination and the proximity to locations of groundwater use.  Phytoremediation using direct application of crude extracts or pureed plants to the soil surface or incorporation of these materials within the soil may hold promise as an efficient, inexpensive, non-aggressive in-situ clean-up technology for explosives-contaminated soils under certain environmental conditions.

Related Research. Limited work has been conducted on explosive residues in soils to quantify the reaction kinetics, pathways, and mechanisms of nitroaromatic transformation.  Chekol and Vough (2000) reported high levels of transformation in TNT contaminated soil planted with switchgrass (Panicum variegatum L.).  High soil enzyme activity correlated with higher levels of TNT transformation.  Medina et al. (2002) employed a bench-scale phyto-slurry soil reactor design of soil and pureed plants and observed a first-order removal rate for RDX about an order of magnitude slower than the liquid phase experiments.  Information on transformation rates for nitroaromatics in soil, however, is limited.  Kinetic data normalized to enzyme activity is also lacking.

One such enzyme identified for reduction of nitroaromatics is nitroreductase. This enzyme has been isolated in several plant species, reportedly capable of reducing just about any nitro group bound to any aromatic ring to an amine (Trombly 1995).  Assimilatory nitrate reductases have also been identified in plants and appear to play a key role in plant nutrition (Nakagawa et al. 1985).

Kinetic Model. The rate of TNT transformation using nitrate reductase enzyme extracted from Spinacia oleracea may be approximated by the following expressions:

r = -dC/dt = kAAC = kC



(1)

where t, C, A, and kA are reaction time, concentration (mg/L), enzyme activity (U/L or (mol/min/L), and second-order rate constant with respect to enzyme activity (hr-1/U/L), respectively.  Assuming enzyme activity is in excess yields a pseudo-first-order reaction result with k being an overall rate constant.  A rectangular hyperbolic function may be used to describe the dependence of k on an applied nitrate reductase enzyme activity:

k = kmax {1/(Ksat + A)}

 

(2)
where kmax is the maximum rate constant under excess enzyme activity at a given TNT concentration, and Ksat is the half-saturation constant.  For unsaturated soil microcosms described herein, A may be expressed in terms of activity applied per mass of soil (U/g).

MATERIALS AND METHODS

The basic experimental approach consisted of mixing 250 g of TNT-contaminated soil together with a crude nitrate reductase enzyme derived from Spinacia oleracera to form an unsaturated open-to-atmosphere soil microcosm.  Enzyme was applied and thoroughly mixed throughout the soil initially and every third day over a fixed period of observation of 15 or 30 days.  During each application the soil was removed from the microcosm and thoroughly mixed, duplicate samples were taken for TNT analysis, new enzyme was applied and thoroughly mixed, and the remaining soil repacked into the high-density polyethylene fluorinated microcosm bottle around a center moisture sensor.  All procedures were conducted in a constant temperature room at 20 oC.  

Spinach (Spinacia oleracera) was purchased fresh as needed and prepared on the same day as the experiment as per the procedures of Medina et al. (2002).  A fixed mass of prepared spinach was homogenized for 2 min at 18,000 rpm in a Waring laboratory blender containing a measured amount of pre-chilled, buffered protease inhibitor cocktail (0 to 4 oC).  The extraction cocktail recipe of Nakagawa et al. (1985) was used without a phosphate buffer (pH 7.5) as this interferes with the alkali colorimetric analysis of TNT.  The spinach homogenate was squeezed through cheesecloth and the residual filtrate centrifuged for 15 min at 10,000 g.  The resultant crude enzyme was stored at 4 oC until needed and herein is expressed as a mass concentration of spinach in g per 100 mL.  Nitrate reductase activity ((mol/min or U/min) of the crude enzyme was quantified concurrent with each experiment (Nakagawa et al. 1985).  

The test soil was obtained from Sandia National Laboratories (SNL) and was a sandy-loam soil containing approximately 2500 (g/g TNT and 1000 (g/g RDX.  Pertinent soil properties were as follows: sand 70.4 %, silt 21.2 %, clay 8.3 %, organic carbon 0.8 %, cation exchange capacity 10.7 mg/g, and surface area 23.0 m2/g.  Moisture conditions in the microcosms were monitored daily using Watermark( granular matrix water potential sensors and associated meter.  Sufficient enzyme was added initially to just achieve moisture saturation level for the test soil.  At each enzyme application the amount to be added was estimated using a moisture mass balance.

Trinitrotoluene transformation in the microcosms was measured using a soil extraction procedure similar to that of Jenkins and Walsh (1992) and a colorimetric method for TNT detection based on EPA Method 8515 (EPA 1996).  A red-colored complex results from the reaction of TNT in a basic pH acetone medium for which absorbance can be measured at 540 nm.  Standards were prepared by serial dilution of stock TNT solution in 5 mL of deionized (DI) water containing 0.4 g of clean soil.  A blank consisted of DI water and 0.4 g clean soil.  Each standard was extracted for 3 min with 5 mL of acetone, centrifuged for 10 min at 10,000 g, and then filtered through a 0.45 (m Millex( disposable syringe filter.  Duplicate microcosm samples containing 1 g of contaminated soil each were extracted with 25 mL acetone in an identical manner.  The blank contained assay without phosphate buffer or nitrate source, boiled crude enzyme, and 1 g of clean soil.  Seven 2 g untreated soil samples were also extracted to estimate the initial soil TNT concentration and the method detection limit (MDL) for soil extraction.

RESULTS AND DISCUSSION

The MDL for the soil-slurry analysis was 4.3 (g/g of soil.  Jenkins and Walsh (1992) developed a field screening method for TNT and indicated an extraction MDL of 1 (g/g of soil for the colorimetric procedure used herein.  The average TNT concentration for the test soil was 2720 ( 16 (g/g.  Enzyme activity varied with spinach concentration that was homogenized with the extraction cocktail, having a unit activity of 17.4 U/g (r2 = 0.87) over a range of 5 to 25 g spinach per 100 mL of extraction cocktail.
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TNT transformation as a function of applied enzyme followed a monotonic trend downward with time as shown in Figure 1.   Duplicate control microcosms using DI water alone did not show any TNT transformation as evident by a virtually horizontal C/Co versus time line over the 30 days.

Figure 2 shows the saw-tooth drying pattern between applications of enzyme extract for the data given in Figure 1, i.e. as the microcosm dries out during incubation at 20 oC, moisture tension (kPa) increases.

FIGURE 1. TNT Transformation versus Applied Enzyme.
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          Overall TNT transformation generally followed pseudo-first-order kinetics over the first 15 days, while the latter 15 days of transformation appeared to be more zero-order in trend.  Previous research has indicated that TNT transformation by nitrate reductase enzyme in aqueous phase and soil-slurry phase microcosms is adequately described by pseudo-first-order kinetics and a trend of enzyme saturation (Richardson and Bonmati 2004).

FIGURE 2. Cyclic Pattern of Moisture Tension.
[image: image3.wmf]0

0.01

0.02

0.03

0.04

0.05

0.06

0

2

4

6

8

Total Applied Activity (U/g)

Rate (d

-1

)

Figure 3 shows the pseudo-first-order rate constants for the first 15 days fit (r2 = 0.69) to a Hanes-Woolf linear transform of the saturation type kinetic function (Eq. 2), yielding a maximum reaction rate of 0.08 d-1 and a half-saturation constant of 4.3 U/g.  The maximum rate of reaction for the unsaturated soil is approximately an order of magnitude lower than for soil-slurry phase microcosms treating the same test soil; however, the TNT loading per unit of enzyme applied in the latter experiments was approximately an order of magnitude less than the unsaturated soil experiments herein.

FIGURE 3. Enzyme Saturation Kinetics.

The average TNT transformation rate (ATR) over the first 15 days was 15.6, 18.4, and 26.0 mg/d, respectively, for the 5, 15, and 25 g per 100 mL extract solution, with normalized average TNT transformation rates (NATR) per mass of applied spinach equal to 1.74, 0.68, and 0.58 mg/g/d, respectively.  The ATR and NATR over the total 30 days were slightly lower with overall TNT transformation at 63.7 %, 70.4 %, and 77.1 %, respectively, for the given applied extracts.  Transformation over the first 15 days relative to the total transformation for the experiment was 58.9 %, 62.6 %, and 80.8 %, respectively, reflective of the higher kinetic rate observed for stronger applied enzyme solutions.  However, the higher NATR for the less concentrated enzyme solutions indicates that better efficiency is achieved at lower applied dosing of enzyme over a longer remediation period.  Over the 30 days of soil remediation, TNT transformation per mass of spinach used was greater for the less concentrated extract solution, or 24.9, 9.2, and 6.2 mg/g, respectively, for the 5, 15, and 25 g per 100 mL extract solution.
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Figure 4 shows duplicate soil experiments, wherein one microcosm received DI water instead of enzyme extract on alternate enzyme application cycles and the second microcosm received enzyme extract each application.  The ATR during the 15 days was 16.8 and 12.8 mg/d, respectively, for the continuous and alternate application cycles, with a NATR per mass of applied spinach equal to 0.46 and 0.54 mg/g/d, respectively.  Overall TNT transformation was 37.1 % and 28.3 %, respectively.  Little to no transformation of TNT occurred during application of DI water alone; however, the higher NATR for the alternate application of enzyme suggests that better efficiency is again achieved at lower applied dosing of enzyme over a longer remediation period.  Over the 15 days of soil remediation, TNT transformation per mass of spinach used was higher for the alternate application mode (8.1 versus 6.9 mg/g).  The cyclic moisture pattern for these two experiments was similar.

FIGURE 4. Effect of Enzyme Application Frequency.

TNT transformation for two separate experiments conducted at 25 g per 100 mL extract concentration were also examined, wherein the amount of extract added incrementally and in sum total over the 15 days of remediation was considerably different.  The average applied activity of enzyme over the measurement period, however, was approximately equivalent at 24.5 and 25.6 U, respectively.  The pseudo-first-order rate constants were 0.054 and 0.028 d-1, respectively, for a total applied spinach load of 45.0 and 36.3 g.  The ATR during the 15 days was 26.0 and 16.8 mg/d, respectively, for the 45.0 and 36.3 g loading, with a NATR per mass of applied spinach equal to 0.58 and 0.46 mg/g/d, respectively.  Overall TNT transformation was 62.3 % and 37.1 %, respectively.  For these data the higher NATR corresponded to the higher loaded microcosm, in contrast to the general observations previously made.  The moisture profiles for these two experiments, however, were significantly different.  For each three-day application cycle, the higher loaded microcosm dried out more quickly than the lighter loaded microcosm.  Based on these limited experiments, it is plausible that the cycle of wetting and drying and changes in moisture tension could influence overall effectiveness of the nitrate reductase enzyme in an unsaturated soil, i.e. TNT desorption kinetics may be influenced by the moisture tension pattern between enzyme applications.
CONCLUSIONS
Nitrate reductase activity in pureed Spinacia oleracea can be quantified accurately by spectrophotometry and applied to TNT transformation kinetics.
Initial transformation of TNT in unsaturated soil by nitrate reductase enzyme is described by pseudo-first-order kinetics for constant enzyme activity.  Although TNT mass to enzyme loading in the soil microcosms was high and kinetics generally slow over the 30 days of study, overall transformation of TNT ranged from 63.7 to 77.1 %.  

A rectangular hyperbola function was used to describe pseudo-first-order rate kinetics in unsaturated soil microcosms with respect to enzyme activity per mass of soil, resulting in determination of a maximum rate of reaction and a half-saturation constant.  Future studies to delineate the kinetic response of an unsaturated soil with respect to enzyme activity is warranted based on the general saturation trend observed.

Normalized transformation data expressed in terms of mass of TNT transformed per day per total mass of spinach applied suggests that better efficiency may be realized at lower applied dosing of enzyme over a longer remediation period.  Additionally, a longer period in between enzyme application may also be beneficial to improve overall effectiveness of a field protocol.  Over the 30 days of soil remediation, TNT transformation per mass of spinach used increased as applied enzyme strength decreased.  Similarly, average rates of TNT transformation per mass of applied spinach increased as applied enzyme strength decreased.  Enzyme dosing and frequency of dosing, therefore, appear to be critical factors in establishing an effective field protocol for remediation.  Moisture level may also influence the overall effectiveness of the nitrate reductase enzyme in an unsaturated soil.  Additional research into moisture effects is needed to establish this aspect of a workable field protocol.
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		Time		Control		25gr		15gr		5gr		Average														SoilBlK

		0		0		0		0		0		0.0														0.017

		1		15		14		16		15		15.0

		2		26		26		23		24		24.8		Tension		Voladd		Soilmass		W%		VolH2O		VolReq		Voladd
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		3		0		0		0		0		0.0		44		49		247		4.4		11		38		30

		4		15		13		13		14		13.8		54		41		244		0.3		1		40		35
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		13		14		16		14		13		14.3

		14		20		24		25		23		23.0

		15		27		35		44		36		35.5

		15		0		0		0		0		0.0
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		19		10		14		14		16		13.5

		20		19		21		22		24		21.5

		21		28		24		27		28		26.8

		21		0		0		0		0		0

		22		13		16		14		14		14.3

		23		20		23		22		24		22.3

		24		27		29		27		26		27.3

		24		0		0		0		0		0

		25		13		14		15		17		14.8
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		0		0.874		0.501		0.214		50		50		50		50		250		250		250		250

		3		0.886		0.532		0.177		30		30		30		30		247		247		247		247

		6		0.789		0.473		0.158		35		30		30		30		244		244		244		244

		9		0.830		0.498		0.166		40		35		35		35		241		241		241		241

		12		0.881		0.529		0.176		40		35		35		35		238		238		238		238

		15		0.891		0.535		0.178		30		30		30		30		235		235		235		235

		18		0.875		0.525		0.175		30		30		30		30		232		232		232		232

		21		0.932		0.559		0.186		30		30		30		30		229		229		229		229

		24		0.911		0.547		0.182		20		20		25		25		226		226		226		226

		27		0.843		0.506		0.169		20		20		25		25		223		223		223		223

		30		0		0.0		0.0		TotalmL		TotalmL		TotalmL		TotalmL		220		220		220		220

										325		310		320		320

								Gramspin		0		77.5		48		16

		Time		Abs1/C		Abs2/C				C/CoC		Abs1/25		Abs2/25		Abs25		C/Co25		Abs1/15		Abs2/15		Abs15		C/Co15		Abs1/5		Abs2/5		Abs5		C/Co5		AveAbsC

		0		0.001		0.189		0.171		1		0.001		0.192		0.174		1		0.001		0.188		0.170		1		0.001		0.186		0.168		1		0.171

		3		0.001		0.188		0.170		0.99		0.001		0.156		0.138		0.79		0.001		0.166		0.148		0.87		0.001		0.172		0.154		0.92

		3		0.001		0.190		0.172		1.01		0.002		0.162		0.143		0.82		0.002		0.170		0.151		0.89		0.002		0.179		0.160		0.95

		6		0.001		0.188		0.170		0.99		0.002		0.141		0.122		0.70		0.002		0.157		0.138		0.81		0.003		0.163		0.143		0.85
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		9		0.002		0.192		0.173		1.01		0.002		0.127		0.108		0.62		0.001		0.151		0.133		0.78		0.002		0.160		0.141		0.84

		12		0.001		0.186		0.168		0.98		0.002		0.109		0.090		0.52		0.003		0.133		0.113		0.66		0.003		0.147		0.127		0.76

		12		0.002		0.187		0.168		0.98		0.003		0.112		0.092		0.53		0.002		0.138		0.119		0.70		0.002		0.144		0.125		0.74

		15		0.001		0.183		0.165		0.96		0.003		0.095		0.075		0.43		0.003		0.129		0.109		0.64		0.003		0.138		0.118		0.70

		15		0.002		0.187		0.168		0.98		0.002		0.102		0.083		0.48		0.002		0.125		0.106		0.62		0.003		0.136		0.116		0.69

		18		0.002		0.194		0.175		1.02		0.002		0.093		0.074		0.43		0.003		0.114		0.094		0.55		0.003		0.131		0.111		0.66

		18		0.003		0.185		0.165		0.96		0.002		0.089		0.070		0.40		0.001		0.118		0.100		0.59		0.003		0.130		0.110		0.65

		21		0.002		0.190		0.171		1.00		0.001		0.087		0.069		0.40		0.002		0.110		0.091		0.54		0.002		0.126		0.107		0.64

		21		0.001		0.197		0.179		1.05		0.003		0.086		0.066		0.38		0.002		0.106		0.087		0.51		0.003		0.124		0.104		0.62

		24		0.002		0.185		0.166		0.97		0.002		0.091		0.072		0.41		0.001		0.100		0.082		0.48		0.002		0.119		0.100		0.60

		24		0.002		0.192		0.173		1.01		0.001		0.082		0.064		0.37		0.001		0.097		0.079		0.46		0.002		0.114		0.095		0.57

		27		0.002		0.179		0.160		0.94		0.001		0.079		0.061		0.35		0.002		0.095		0.076		0.45		0.002		0.108		0.089		0.53

		27		0.001		0.186		0.168		0.98		0.002		0.081		0.062		0.36		0.001		0.093		0.075		0.44		0.002		0.104		0.085		0.51

		30		0.003		0.186		0.166		0.97		0.002		0.078		0.059		0.34		0.001		0.089		0.071		0.42		0.001		0.101		0.083		0.49

		30		0.002		0.191		0.172		1.01		0.003		0.082		0.062		0.36		0.001		0.085		0.067		0.39		0.002		0.102		0.083		0.49

		Soilconc		Soilgm		TNTmg				ActAbs		IntRate		Activity		GramSpin		Load		UnitAct		Ka

		2717		250		679.25				0.874		0.0773		25.15		12.5		0.018		0.10		0.77

										0.501		0.0462		14.42		7.5		0.011		0.06		0.80

										0.214		0.0290		6.16		2.5		0.004		0.02		1.18

		Time		Control		25gr		15gr		5gr		Gm		Mass25		mgRem25		Mass15		mgRem15		Mass5		mgRem5

		0		1		1		1		1		250		679.3				679.3				679.3

		3		1.00		0.81		0.88		0.93		247		541.9		137.4		590.2		89.1		627.2		52.1

		6		1.00		0.71		0.82		0.85		244		472.4		69.4		542.1		48.1		564.3		62.9

		9		1.00		0.60		0.76		0.82		241		391.4		81.1		500.7		41.3		537.9		26.4

		12		0.98		0.52		0.68		0.75		238		338.2		53.2		441.2		59.5		485.0		52.9

		15		0.97		0.45		0.63		0.70		235		289.9		48.3		403.8		37.5		444.7		40.3

		18		0.99		0.41		0.57		0.66		232		260.8		29.1		359.7		44.1		414.6		30.1

		21		1.02		0.39		0.52		0.63		229		241.4		19.5		325.7		33.9		390.7		23.9

		24		0.99		0.39		0.47		0.58		226		240.0		1.4		290.8		35.0		356.4		34.4

		27		0.96		0.35		0.44		0.52		223		214.2		25.8		269.1		21.7		313.8		42.6

		30		0.99		0.33		0.40		0.47		220		197.3		16.9		239.1		30.0		280.9		32.8

																mgTNT				mgTNT				mgTNT

																482.0				440.2				398.3

														%Remain		29.04				35.20				41.36

														%Remove		77.12				70.42				63.73

														mg/g		6.2				9.2				24.9

														g/mg		0.16				0.11				0.04

																				Rate		Abs		AveAct		Act/Rate				TNTrem		AppSpin		g/mg		Rate		UnitRate

																				0.0239		0.170		4.9		205.17				482.0		77.5		0.16		16.07		0.21

																				0.0313		0.511		14.7		470.00				440.2		48		0.11		14.67		0.31

																				0.0544		0.852		24.5		450.70				398.3		16		0.04		13.28		0.83

																																		Slope2		Intercpt2		Vmax2		Km2				Applied		Removed

																																		0.0021		0.0116		476.19		5.52				0		0

																																												5		226.24

																																												10		306.75

																																												15		348.03

																				Slope		Intercpt		Vmax		Km																		20		373.13

																				12.518		191.14		0.080		15.27																		25		390.02

																																												30		402.14

																				Act		Rate		Act		Rate																		35		411.28

																				0		0																						40		418.41

																				1		0.005		4.9		0.0239																		50		428.82

																				2		0.009		14.7		0.0313																		60		436.05

																				3		0.013		24.5		0.0544																		70		441.36

																				4		0.017																						80		445.43

																				5		0.020																						90		448.65

																				6		0.023																						100		451.26

																				7		0.025

																				8		0.027

																				9		0.030

																				10		0.032

																				11		0.033

																				12		0.035

																				13		0.037

																				14		0.038

																				15		0.040

																				16		0.041

																				17		0.042

																				18		0.043

																				19		0.044

																				20		0.045

																				21		0.046

																				22		0.047

																				23		0.048

																				24		0.049

																				25		0.050

																				26		0.050

																				27		0.051

																				28		0.052

																				29		0.052

																				30		0.053
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15 days
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Activity (U)

Rate (d-1)
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250 gm soil at 2717 mg/kg equals 679.3 mg TNT initial

Applied Spinach (g) 0 to 30 days

TNT Removed (mg)
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Applied Spinach (g) 0 to 30 days

Removal (g/mg)

0

0

0



		4.9036576

		14.7109728

		24.518288



Activity (U)

Rate (d-1)

Average Rate 0 to 15 Days

0

0

0



		Time		25gr		25gr w DI		Average														SoilBlK

		0		0		0		0.0														0.017

		1		11		12		11.5

		2		18		19		18.5		Tension		Voladd		Soilmass		W%		VolH2O		VolReq		Voladd

		3		20		21		20.5		21		50		250		13.8		35		15		30

		3		0		0		0		25		65		247		12.2		30		34		25

		4		9		8		8.5		23		55		244		13.0		32		23		20

		5		19		20		19.5		20		52		241		14.0		34		18		20

		6		24		25		24.5		27		54		238		11.2		27		27		30

		6		0		0		0

		7		5		5		5.0

		8		17		18		17.5

		9		22		23		22.5

		9		0		0		0

		10		8		8		8.0

		11		16		18		17.0

		12		19		21		20.0

		12		0		0		0.0

		13		10		10		10.0

		14		18		17		17.5

		15		27		27		27.0

								DI				DI

		Time		Abs25		VolmL25		VolmL25		Massgr25		Massgr25

		0		0.891		50		50		250		250

		3		0.875		30		30		247		247

		6		0.932		25		25		244		244

		9		0.911		20		20		241		241

		12		0.843		20		20		238		238

		15		0		0		0		235		235

						Voltotal		Voltotal

						145		95

						Gramspin		Gramspin

						36.3		23.8

												DI		DI		DI		DI

		Time		Abs1/25		Abs2/25		Abs25		C/Co25		Abs1/25		Abs2/25		Abs25		C/Co25

		0		0.002		0.189		0.170		1		0.001		0.191		0.173		1

		3		0.001		0.177		0.159		0.91		0.002		0.173		0.154		0.89

		3		0.001		0.180		0.162		0.95		0.002		0.176		0.157		0.92

		6		0.001		0.160		0.142		0.83		0.002		0.169		0.150		0.88

		6		0.002		0.162		0.143		0.84		0.001		0.171		0.153		0.89

		9		0.002		0.142		0.123		0.72		0.001		0.164		0.146		0.85

		9		0.002		0.157		0.138		0.81		0.003		0.159		0.139		0.81

		12		0.001		0.136		0.118		0.69		0.002		0.159		0.140		0.82

		12		0.003		0.143		0.123		0.72		0.001		0.156		0.138		0.81

		15		0.002		0.135		0.116		0.68		0.003		0.15		0.130		0.76

		15		0.001		0.131		0.113		0.66		0.001		0.149		0.131		0.77

		Time		25gr		25gr w DI						Gm		Mass25		mgRem25		Mass15		mgRem15

		0		1		1						250		679.25				679.25

		3		0.93		0.90		0.90				247		624.5		54.7		605.1		74.2

		6		0.83		0.89		0.89				244		552.5		72.1		587.3		17.7

		9		0.76		0.83				0.83		241		499.7		52.7		545.7		41.7

		12		0.70		0.81				0.81		238		455.7		44.0		525.6		20.0

		15		0.67		0.76						235		427.5		28.1		487.3		38.4

																Total				Total

																251.7				192.0

														%Remain		0.60				0.69

														%Remove		0.40				0.31

														mg/g		6.9				8.1

														g/mg		0.14				0.12

		Time		Abs25A		Abs25B		Act25A		Act25B		VoladdA		VoladdB

		0		0.874		0.891		25.2		25.6		50		50

		3		0.886		0.875		25.5		25.2		30		30

		6		0.789		0.932		22.7		26.8		30		25

		9		0.830		0.911		23.9		26.2		35		20

		12		0.881		0.843		25.4		24.3		35		20

		Average		0.852		0.890		24.5		25.6		180		145



Average rate of removal over 30 days mg/d

Average rate over 30 days divided by mass of spinach applied mg/d/g

Mass of spinach applied per mass of TNT removed g/mg

Mass of applied spinach g

Mass of TNT removed mg

Initial rate over first 3 days (d-1)

umoles/min or U

Rate over first 15 days (d-1)

umoles/min or U

umoles/min/d-1

Spinach Load (g/mg)

Rate (d-1/U/g)

Second Order Rate Constant

0

0

0

0

0

0

Grams of spinach initially applied in first 50 mL of extract to 250 g of soil

Grams of spinach per mg of TNT  (625 mg TNT in 250 g of soil)

U per g of soil

2nd order rate constant in hr-1/U/g
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25g/100mL DI
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Time (d)

Tension (kPa)

Moisture

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0

		0		0		0		0

		0		0

		0		0

		0		0

		0		0



25g/100mL

25g/100mL w DI

Time (d)

C/Co

Unsaturated
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Absorbance

25g/100mL B

25g/100mL A

Time (d)

C/Co

Unsaturated Comparison
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0

0

0

0

0

0

0

0

0

0

0

1

0

0.8074712644

0
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30 days

		Time		Control		25gr		15gr		5gr		Average														SoilBlK

		0		0		0		0		0		0.0														0.017

		1		15		14		16		15		15.0

		2		26		26		23		24		24.8		Tension		Voladd		Soilmass		W%		VolH2O		VolReq		Voladd

		3		34		39		35		36		36.0		36		50		250		7.5		19		31		30

		3		0		0		0		0		0.0		44		49		247		4.4		11		38		30

		4		15		13		13		14		13.8		54		41		244		0.3		1		40		35

		5		26		25		22		26		24.8		48		36		241		2.7		6		29		35

		6		45		46		38		45		43.5		36		41		238		7.7		18		23		30

		6		0		0		0		0		0.0		36		48		235		7.5		18		31		30

		7		20		17		17		18		18.0		27		48		232		11.3		26		21		25

		8		32		28		31		36		31.8		27		51		229		11.1		25		26		25

		9		59		49		50		56		53.5		27		50		226		11.2		25		25		25

		9		0		0		0		0		0.0		30		50		223		9.9		22		28		25

		10		18		17		16		16		16.8				47		220		22.2		49		-2

		11		30		31		28		28		29.3

		12		47		52		48		44		47.8

		12		0		0		0		0		0.0

		13		14		16		14		13		14.3

		14		20		24		25		23		23.0

		15		27		35		44		36		35.5

		15		0		0		0		0		0.0

		16		13		14		13		14		13.5

		17		22		23		21		25		22.8

		18		30		36		33		45		36.0

		18		0		0		0		0		0.0

		19		10		14		14		16		13.5

		20		19		21		22		24		21.5

		21		28		24		27		28		26.8

		21		0		0		0		0		0

		22		13		16		14		14		14.3

		23		20		23		22		24		22.3

		24		27		29		27		26		27.3

		24		0		0		0		0		0

		25		13		14		15		17		14.8

		26		21		22		22		23		22.0

		27		25		25		27		31		27

		27		0		0		0		0		0

		28		10		9		14		15		12

		29		22		17		23		24		22

		30		28		26		32		34		30

		Time		Abs25		Abs15		Abs5		VolmLC		VolmL25		VolmL15		VolmL5		MassgrC		Massgr25		Massgr15		Massgr5

		0		0.874		0.501		0.214		50		50		50		50		250		250		250		250

		3		0.886		0.532		0.177		30		30		30		30		247		247		247		247

		6		0.789		0.473		0.158		35		30		30		30		244		244		244		244

		9		0.830		0.498		0.166		40		35		35		35		241		241		241		241

		12		0.881		0.529		0.176		40		35		35		35		238		238		238		238

		15		0.891		0.535		0.178		30		30		30		30		235		235		235		235

		18		0.875		0.525		0.175		30		30		30		30		232		232		232		232

		21		0.932		0.559		0.186		30		30		30		30		229		229		229		229

		24		0.911		0.547		0.182		20		20		25		25		226		226		226		226

		27		0.843		0.506		0.169		20		20		25		25		223		223		223		223

		30		0		0.0		0.0		TotalmL		TotalmL		TotalmL		TotalmL		220		220		220		220

										325		310		320		320

								Gramspin		0		77.5		48		16

		Time		Abs1/C		Abs2/C				C/CoC		Abs1/25		Abs2/25		Abs25		C/Co25		Abs1/15		Abs2/15		Abs15		C/Co15		Abs1/5		Abs2/5		Abs5		C/Co5		AveAbsC

		0		0.001		0.189		0.171		1		0.001		0.192		0.174		1		0.001		0.188		0.170		1		0.001		0.186		0.168		1		0.171

		3		0.001		0.188		0.170		0.99		0.001		0.156		0.138		0.79		0.001		0.166		0.148		0.87		0.001		0.172		0.154		0.92

		3		0.001		0.190		0.172		1.01		0.002		0.162		0.143		0.82		0.002		0.170		0.151		0.89		0.002		0.179		0.160		0.95

		6		0.001		0.188		0.170		0.99		0.002		0.141		0.122		0.70		0.002		0.157		0.138		0.81		0.003		0.163		0.143		0.85

		6		0.002		0.190		0.171		1.00		0.003		0.146		0.126		0.72		0.002		0.159		0.140		0.82		0.002		0.162		0.143		0.85

		9		0.001		0.186		0.168		0.98		0.002		0.119		0.100		0.57		0.002		0.146		0.127		0.75		0.002		0.154		0.135		0.80

		9		0.002		0.192		0.173		1.01		0.002		0.127		0.108		0.62		0.001		0.151		0.133		0.78		0.002		0.160		0.141		0.84

		12		0.001		0.186		0.168		0.98		0.002		0.109		0.090		0.52		0.003		0.133		0.113		0.66		0.003		0.147		0.127		0.76

		12		0.002		0.187		0.168		0.98		0.003		0.112		0.092		0.53		0.002		0.138		0.119		0.70		0.002		0.144		0.125		0.74

		15		0.001		0.183		0.165		0.96		0.003		0.095		0.075		0.43		0.003		0.129		0.109		0.64		0.003		0.138		0.118		0.70

		15		0.002		0.187		0.168		0.98		0.002		0.102		0.083		0.48		0.002		0.125		0.106		0.62		0.003		0.136		0.116		0.69

		18		0.002		0.194		0.175		1.02		0.002		0.093		0.074		0.43		0.003		0.114		0.094		0.55		0.003		0.131		0.111		0.66

		18		0.003		0.185		0.165		0.96		0.002		0.089		0.070		0.40		0.001		0.118		0.100		0.59		0.003		0.130		0.110		0.65

		21		0.002		0.190		0.171		1.00		0.001		0.087		0.069		0.40		0.002		0.110		0.091		0.54		0.002		0.126		0.107		0.64

		21		0.001		0.197		0.179		1.05		0.003		0.086		0.066		0.38		0.002		0.106		0.087		0.51		0.003		0.124		0.104		0.62

		24		0.002		0.185		0.166		0.97		0.002		0.091		0.072		0.41		0.001		0.100		0.082		0.48		0.002		0.119		0.100		0.60

		24		0.002		0.192		0.173		1.01		0.001		0.082		0.064		0.37		0.001		0.097		0.079		0.46		0.002		0.114		0.095		0.57

		27		0.002		0.179		0.160		0.94		0.001		0.079		0.061		0.35		0.002		0.095		0.076		0.45		0.002		0.108		0.089		0.53

		27		0.001		0.186		0.168		0.98		0.002		0.081		0.062		0.36		0.001		0.093		0.075		0.44		0.002		0.104		0.085		0.51

		30		0.003		0.186		0.166		0.97		0.002		0.078		0.059		0.34		0.001		0.089		0.071		0.42		0.001		0.101		0.083		0.49

		30		0.002		0.191		0.172		1.01		0.003		0.082		0.062		0.36		0.001		0.085		0.067		0.39		0.002		0.102		0.083		0.49

		Soilconc		Soilgm		TNTmg				ActAbs		IntRate		Activity		GramSpin		Load		UnitAct		Ka

		2717		250		679.25				0.874		0.0773		25.15		12.5		0.018		0.10		0.77

										0.501		0.0462		14.42		7.5		0.011		0.06		0.80

										0.214		0.0290		6.16		2.5		0.004		0.02		1.18

		Time		Control		25gr		15gr		5gr		Gm		Mass25		mgRem25		Mass15		mgRem15		Mass5		mgRem5

		0		1		1		1		1		250		679.3				679.3				679.3

		3		1.00		0.81		0.88		0.93		247		541.9		137.4		590.2		89.1		627.2		52.1

		6		1.00		0.71		0.82		0.85		244		472.4		69.4		542.1		48.1		564.3		62.9

		9		1.00		0.60		0.76		0.82		241		391.4		81.1		500.7		41.3		537.9		26.4

		12		0.98		0.52		0.68		0.75		238		338.2		53.2		441.2		59.5		485.0		52.9

		15		0.97		0.45		0.63		0.70		235		289.9		48.3		403.8		37.5		444.7		40.3

		18		0.99		0.41		0.57		0.66		232		260.8		29.1		359.7		44.1		414.6		30.1

		21		1.02		0.39		0.52		0.63		229		241.4		19.5		325.7		33.9		390.7		23.9

		24		0.99		0.39		0.47		0.58		226		240.0		1.4		290.8		35.0		356.4		34.4

		27		0.96		0.35		0.44		0.52		223		214.2		25.8		269.1		21.7		313.8		42.6

		30		0.99		0.33		0.40		0.47		220		197.3		16.9		239.1		30.0		280.9		32.8

																mgTNT				mgTNT				mgTNT

																482.0				440.2				398.3

														%Remain		29.04				35.20				41.36

														%Remove		77.12				70.42				63.73

														mg/g		6.2				9.2				24.9

														g/mg		0.16				0.11				0.04

																				Rate		Abs		AveAct		Act/Rate				TNTrem		AppSpin		g/mg		Rate		UnitRate

																				0.0239		0.170		4.9		205.17				482.0		77.5		0.16		16.07		0.21

																				0.0313		0.511		14.7		470.00				440.2		48		0.11		14.67		0.31

																				0.0544		0.852		24.5		450.70				398.3		16		0.04		13.28		0.83

																																		Slope2		Intercpt2		Vmax2		Km2				Applied		Removed

																																		0.0021		0.0116		476.19		5.52				0		0

																																												5		226.24

																																												10		306.75

																																												15		348.03

																				Slope		Intercpt		Vmax		Km																		20		373.13

																				12.518		191.14		0.080		15.27																		25		390.02

																																												30		402.14

																				Act		Rate		Act		Rate																		35		411.28

																				0		0																						40		418.41

																				1		0.005		4.9		0.0239																		50		428.82

																				2		0.009		14.7		0.0313																		60		436.05

																				3		0.013		24.5		0.0544																		70		441.36

																				4		0.017																						80		445.43

																				5		0.020																						90		448.65

																				6		0.023																						100		451.26

																				7		0.025

																				8		0.027

																				9		0.030

																				10		0.032

																				11		0.033

																				12		0.035

																				13		0.037

																				14		0.038

																				15		0.040

																				16		0.041

																				17		0.042

																				18		0.043

																				19		0.044

																				20		0.045

																				21		0.046

																				22		0.047

																				23		0.048

																				24		0.049

																				25		0.050

																				26		0.050

																				27		0.051

																				28		0.052

																				29		0.052

																				30		0.053
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250 gm soil at 2717 mg/kg equals 679.3 mg TNT initial

Applied Spinach (g) 0 to 30 days

TNT Removed (mg)
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Applied Spinach (g) 0 to 30 days

Removal (g/mg)
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Activity (U)

Rate (d-1)

Average Rate 0 to 15 Days

0

0

0



		Time		25gr		25gr w DI		Average														SoilBlK

		0		0		0		0.0														0.017

		1		11		12		11.5

		2		18		19		18.5		Tension		Voladd		Soilmass		W%		VolH2O		VolReq		Voladd

		3		20		21		20.5		21		50		250		13.8		35		15		30

		3		0		0		0		25		65		247		12.2		30		34		25

		4		9		8		8.5		23		55		244		13.0		32		23		20

		5		19		20		19.5		20		52		241		14.0		34		18		20

		6		24		25		24.5		27		54		238		11.2		27		27		30

		6		0		0		0

		7		5		5		5.0

		8		17		18		17.5

		9		22		23		22.5

		9		0		0		0

		10		8		8		8.0

		11		16		18		17.0

		12		19		21		20.0

		12		0		0		0.0

		13		10		10		10.0

		14		18		17		17.5

		15		27		27		27.0

								DI				DI

		Time		Abs25		VolmL25		VolmL25		Massgr25		Massgr25

		0		0.891		50		50		250		250

		3		0.875		30		30		247		247

		6		0.932		25		25		244		244

		9		0.911		20		20		241		241

		12		0.843		20		20		238		238

		15		0		0		0		235		235

						Voltotal		Voltotal

						145		95

						Gramspin		Gramspin

						36.3		23.8

												DI		DI		DI		DI

		Time		Abs1/25		Abs2/25		Abs25		C/Co25		Abs1/25		Abs2/25		Abs25		C/Co25

		0		0.002		0.189		0.170		1		0.001		0.191		0.173		1

		3		0.001		0.177		0.159		0.91		0.002		0.173		0.154		0.89

		3		0.001		0.180		0.162		0.95		0.002		0.176		0.157		0.92

		6		0.001		0.160		0.142		0.83		0.002		0.169		0.150		0.88

		6		0.002		0.162		0.143		0.84		0.001		0.171		0.153		0.89

		9		0.002		0.142		0.123		0.72		0.001		0.164		0.146		0.85

		9		0.002		0.157		0.138		0.81		0.003		0.159		0.139		0.81

		12		0.001		0.136		0.118		0.69		0.002		0.159		0.140		0.82

		12		0.003		0.143		0.123		0.72		0.001		0.156		0.138		0.81

		15		0.002		0.135		0.116		0.68		0.003		0.15		0.130		0.76

		15		0.001		0.131		0.113		0.66		0.001		0.149		0.131		0.77

		Time		25gr		25gr w DI						Gm		Mass25		mgRem25		Mass15		mgRem15

		0		1		1						250		679.25				679.25

		3		0.93		0.90		0.90				247		624.5		54.7		605.1		74.2

		6		0.83		0.89		0.89				244		552.5		72.1		587.3		17.7

		9		0.76		0.83				0.83		241		499.7		52.7		545.7		41.7

		12		0.70		0.81				0.81		238		455.7		44.0		525.6		20.0

		15		0.67		0.76						235		427.5		28.1		487.3		38.4

																Total				Total

																251.7				192.0

														%Remain		0.60				0.69

														%Remove		0.40				0.31

														mg/g		6.9				8.1

														g/mg		0.14				0.12

		Time		Abs25A		Abs25B		Act25A		Act25B		VoladdA		VoladdB

		0		0.874		0.891		25.2		25.6		50		50

		3		0.886		0.875		25.5		25.2		30		30

		6		0.789		0.932		22.7		26.8		30		25

		9		0.830		0.911		23.9		26.2		35		20

		12		0.881		0.843		25.4		24.3		35		20

		Average		0.852		0.890		24.5		25.6		180		145



Average rate of removal over 30 days mg/d

Average rate over 30 days divided by mass of spinach applied mg/d/g

Mass of spinach applied per mass of TNT removed g/mg

Mass of applied spinach g

Mass of TNT removed mg

Initial rate over first 3 days (d-1)

umoles/min or U

Rate over first 15 days (d-1)

umoles/min or U

umoles/min/d-1

Spinach Load (g/mg)

Rate (d-1/U/g)

Second Order Rate Constant

0

0

0

0

0

0

Grams of spinach initially applied in first 50 mL of extract to 250 g of soil

Grams of spinach per mg of TNT  (625 mg TNT in 250 g of soil)

U per g of soil

2nd order rate constant in hr-1/U/g
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Absorbance
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30 days

		Time		Control		25gr		15gr		5gr		Average														SoilBlK

		0		0		0		0		0		0.0														0.017

		1		15		14		16		15		15.0

		2		26		26		23		24		24.8		Tension		Voladd		Soilmass		W%		VolH2O		VolReq		Voladd

		3		34		39		35		36		36.0		36		50		250		7.5		19		31		30

		3		0		0		0		0		0.0		44		49		247		4.4		11		38		30

		4		15		13		13		14		13.8		54		41		244		0.3		1		40		35

		5		26		25		22		26		24.8		48		36		241		2.7		6		29		35

		6		45		46		38		45		43.5		36		41		238		7.7		18		23		30

		6		0		0		0		0		0.0		36		48		235		7.5		18		31		30

		7		20		17		17		18		18.0		27		48		232		11.3		26		21		25

		8		32		28		31		36		31.8		27		51		229		11.1		25		26		25

		9		59		49		50		56		53.5		27		50		226		11.2		25		25		25

		9		0		0		0		0		0.0		30		50		223		9.9		22		28		25

		10		18		17		16		16		16.8				47		220		22.2		49		-2

		11		30		31		28		28		29.3

		12		47		52		48		44		47.8

		12		0		0		0		0		0.0

		13		14		16		14		13		14.3

		14		20		24		25		23		23.0

		15		27		35		44		36		35.5

		15		0		0		0		0		0.0

		16		13		14		13		14		13.5

		17		22		23		21		25		22.8

		18		30		36		33		45		36.0

		18		0		0		0		0		0.0

		19		10		14		14		16		13.5

		20		19		21		22		24		21.5

		21		28		24		27		28		26.8

		21		0		0		0		0		0

		22		13		16		14		14		14.3

		23		20		23		22		24		22.3

		24		27		29		27		26		27.3

		24		0		0		0		0		0

		25		13		14		15		17		14.8

		26		21		22		22		23		22.0

		27		25		25		27		31		27

		27		0		0		0		0		0

		28		10		9		14		15		12

		29		22		17		23		24		22

		30		28		26		32		34		30

		Time		Abs25		Abs15		Abs5		VolmLC		VolmL25		VolmL15		VolmL5		MassgrC		Massgr25		Massgr15		Massgr5

		0		0.874		0.501		0.214		50		50		50		50		250		250		250		250

		3		0.886		0.532		0.177		30		30		30		30		247		247		247		247

		6		0.789		0.473		0.158		35		30		30		30		244		244		244		244

		9		0.830		0.498		0.166		40		35		35		35		241		241		241		241

		12		0.881		0.529		0.176		40		35		35		35		238		238		238		238

		15		0.891		0.535		0.178		30		30		30		30		235		235		235		235

		18		0.875		0.525		0.175		30		30		30		30		232		232		232		232

		21		0.932		0.559		0.186		30		30		30		30		229		229		229		229

		24		0.911		0.547		0.182		20		20		25		25		226		226		226		226

		27		0.843		0.506		0.169		20		20		25		25		223		223		223		223

		30		0		0.0		0.0		TotalmL		TotalmL		TotalmL		TotalmL		220		220		220		220

										325		310		320		320

								Gramspin		0		77.5		48		16

		Time		Abs1/C		Abs2/C				C/CoC		Abs1/25		Abs2/25		Abs25		C/Co25		Abs1/15		Abs2/15		Abs15		C/Co15		Abs1/5		Abs2/5		Abs5		C/Co5		AveAbsC

		0		0.001		0.189		0.171		1		0.001		0.192		0.174		1		0.001		0.188		0.170		1		0.001		0.186		0.168		1		0.171

		3		0.001		0.188		0.170		0.99		0.001		0.156		0.138		0.79		0.001		0.166		0.148		0.87		0.001		0.172		0.154		0.92

		3		0.001		0.190		0.172		1.01		0.002		0.162		0.143		0.82		0.002		0.170		0.151		0.89		0.002		0.179		0.160		0.95

		6		0.001		0.188		0.170		0.99		0.002		0.141		0.122		0.70		0.002		0.157		0.138		0.81		0.003		0.163		0.143		0.85

		6		0.002		0.190		0.171		1.00		0.003		0.146		0.126		0.72		0.002		0.159		0.140		0.82		0.002		0.162		0.143		0.85

		9		0.001		0.186		0.168		0.98		0.002		0.119		0.100		0.57		0.002		0.146		0.127		0.75		0.002		0.154		0.135		0.80

		9		0.002		0.192		0.173		1.01		0.002		0.127		0.108		0.62		0.001		0.151		0.133		0.78		0.002		0.160		0.141		0.84

		12		0.001		0.186		0.168		0.98		0.002		0.109		0.090		0.52		0.003		0.133		0.113		0.66		0.003		0.147		0.127		0.76

		12		0.002		0.187		0.168		0.98		0.003		0.112		0.092		0.53		0.002		0.138		0.119		0.70		0.002		0.144		0.125		0.74

		15		0.001		0.183		0.165		0.96		0.003		0.095		0.075		0.43		0.003		0.129		0.109		0.64		0.003		0.138		0.118		0.70

		15		0.002		0.187		0.168		0.98		0.002		0.102		0.083		0.48		0.002		0.125		0.106		0.62		0.003		0.136		0.116		0.69

		18		0.002		0.194		0.175		1.02		0.002		0.093		0.074		0.43		0.003		0.114		0.094		0.55		0.003		0.131		0.111		0.66

		18		0.003		0.185		0.165		0.96		0.002		0.089		0.070		0.40		0.001		0.118		0.100		0.59		0.003		0.130		0.110		0.65

		21		0.002		0.190		0.171		1.00		0.001		0.087		0.069		0.40		0.002		0.110		0.091		0.54		0.002		0.126		0.107		0.64

		21		0.001		0.197		0.179		1.05		0.003		0.086		0.066		0.38		0.002		0.106		0.087		0.51		0.003		0.124		0.104		0.62

		24		0.002		0.185		0.166		0.97		0.002		0.091		0.072		0.41		0.001		0.100		0.082		0.48		0.002		0.119		0.100		0.60

		24		0.002		0.192		0.173		1.01		0.001		0.082		0.064		0.37		0.001		0.097		0.079		0.46		0.002		0.114		0.095		0.57

		27		0.002		0.179		0.160		0.94		0.001		0.079		0.061		0.35		0.002		0.095		0.076		0.45		0.002		0.108		0.089		0.53

		27		0.001		0.186		0.168		0.98		0.002		0.081		0.062		0.36		0.001		0.093		0.075		0.44		0.002		0.104		0.085		0.51

		30		0.003		0.186		0.166		0.97		0.002		0.078		0.059		0.34		0.001		0.089		0.071		0.42		0.001		0.101		0.083		0.49

		30		0.002		0.191		0.172		1.01		0.003		0.082		0.062		0.36		0.001		0.085		0.067		0.39		0.002		0.102		0.083		0.49

		Soilconc		Soilgm		TNTmg				ActAbs		IntRate		Activity		GramSpin		Load		UnitAct		Ka

		2717		250		679.25				0.874		0.0773		25.15		12.5		0.018		0.10		0.77

										0.501		0.0462		14.42		7.5		0.011		0.06		0.80

										0.214		0.0290		6.16		2.5		0.004		0.02		1.18

		Time		Control		25gr		15gr		5gr		Gm		Mass25		mgRem25		Mass15		mgRem15		Mass5		mgRem5

		0		1		1		1		1		250		679.3				679.3				679.3

		3		1.00		0.81		0.88		0.93		247		541.9		137.4		590.2		89.1		627.2		52.1

		6		1.00		0.71		0.82		0.85		244		472.4		69.4		542.1		48.1		564.3		62.9

		9		1.00		0.60		0.76		0.82		241		391.4		81.1		500.7		41.3		537.9		26.4

		12		0.98		0.52		0.68		0.75		238		338.2		53.2		441.2		59.5		485.0		52.9

		15		0.97		0.45		0.63		0.70		235		289.9		48.3		403.8		37.5		444.7		40.3

		18		0.99		0.41		0.57		0.66		232		260.8		29.1		359.7		44.1		414.6		30.1

		21		1.02		0.39		0.52		0.63		229		241.4		19.5		325.7		33.9		390.7		23.9

		24		0.99		0.39		0.47		0.58		226		240.0		1.4		290.8		35.0		356.4		34.4

		27		0.96		0.35		0.44		0.52		223		214.2		25.8		269.1		21.7		313.8		42.6

		30		0.99		0.33		0.40		0.47		220		197.3		16.9		239.1		30.0		280.9		32.8

																mgTNT				mgTNT				mgTNT

																482.0				440.2				398.3

														%Remain		29.04				35.20				41.36

														%Remove		77.12				70.42				63.73

														mg/g		6.2				9.2				24.9

														g/mg		0.16				0.11				0.04

																				Rate		Abs		AveAct		Act/Rate				TNTrem		AppSpin		g/mg		Rate		UnitRate

																				0.0239		0.170		4.9		205.17				482.0		77.5		0.16		16.07		0.21

																				0.0313		0.511		14.7		470.00				440.2		48		0.11		14.67		0.31

																				0.0544		0.852		24.5		450.70				398.3		16		0.04		13.28		0.83

																																		Slope2		Intercpt2		Vmax2		Km2				Applied		Removed

																																		0.0021		0.0116		476.19		5.52				0		0

																																												5		226.24

																																												10		306.75

																																												15		348.03

																				Slope		Intercpt		Vmax		Km																		20		373.13

																				12.518		191.14		0.080		15.27																		25		390.02

																																												30		402.14

																				Act		Rate		Act		Rate																		35		411.28

																				0		0																						40		418.41

																				1		0.005		4.9		0.0239																		50		428.82

																				2		0.009		14.7		0.0313																		60		436.05

																				3		0.013		24.5		0.0544																		70		441.36

																				4		0.017																						80		445.43

																				5		0.020																						90		448.65

																				6		0.023																						100		451.26

																				7		0.025

																				8		0.027

																				9		0.030

																				10		0.032

																				11		0.033

																				12		0.035

																				13		0.037

																				14		0.038

																				15		0.040

																				16		0.041

																				17		0.042

																				18		0.043

																				19		0.044

																				20		0.045

																				21		0.046

																				22		0.047

																				23		0.048

																				24		0.049

																				25		0.050

																				26		0.050

																				27		0.051

																				28		0.052

																				29		0.052

																				30		0.053
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250 gm soil at 2717 mg/kg equals 679.3 mg TNT initial
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Applied Spinach (g) 0 to 30 days

Removal (g/mg)
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Activity (U)

Rate (d-1)

Average Rate 0 to 15 Days

0

0

0



		Time		25gr		25gr w DI		Average														SoilBlK

		0		0		0		0.0														0.017

		1		11		12		11.5

		2		18		19		18.5		Tension		Voladd		Soilmass		W%		VolH2O		VolReq		Voladd

		3		20		21		20.5		21		50		250		13.8		35		15		30

		3		0		0		0		25		65		247		12.2		30		34		25

		4		9		8		8.5		23		55		244		13.0		32		23		20

		5		19		20		19.5		20		52		241		14.0		34		18		20

		6		24		25		24.5		27		54		238		11.2		27		27		30

		6		0		0		0

		7		5		5		5.0

		8		17		18		17.5

		9		22		23		22.5

		9		0		0		0

		10		8		8		8.0

		11		16		18		17.0

		12		19		21		20.0

		12		0		0		0.0

		13		10		10		10.0

		14		18		17		17.5

		15		27		27		27.0

								DI				DI

		Time		Abs25		VolmL25		VolmL25		Massgr25		Massgr25

		0		0.891		50		50		250		250

		3		0.875		30		30		247		247

		6		0.932		25		25		244		244

		9		0.911		20		20		241		241

		12		0.843		20		20		238		238

		15		0		0		0		235		235

						Voltotal		Voltotal

						145		95

						Gramspin		Gramspin

						36.3		23.8

												DI		DI		DI		DI

		Time		Abs1/25		Abs2/25		Abs25		C/Co25		Abs1/25		Abs2/25		Abs25		C/Co25

		0		0.002		0.189		0.170		1		0.001		0.191		0.173		1

		3		0.001		0.177		0.159		0.91		0.002		0.173		0.154		0.89

		3		0.001		0.180		0.162		0.95		0.002		0.176		0.157		0.92

		6		0.001		0.160		0.142		0.83		0.002		0.169		0.150		0.88

		6		0.002		0.162		0.143		0.84		0.001		0.171		0.153		0.89

		9		0.002		0.142		0.123		0.72		0.001		0.164		0.146		0.85

		9		0.002		0.157		0.138		0.81		0.003		0.159		0.139		0.81

		12		0.001		0.136		0.118		0.69		0.002		0.159		0.140		0.82

		12		0.003		0.143		0.123		0.72		0.001		0.156		0.138		0.81

		15		0.002		0.135		0.116		0.68		0.003		0.15		0.130		0.76

		15		0.001		0.131		0.113		0.66		0.001		0.149		0.131		0.77

		Time		25gr		25gr w DI						Gm		Mass25		mgRem25		Mass15		mgRem15

		0		1		1						250		679.25				679.25

		3		0.93		0.90		0.90				247		624.5		54.7		605.1		74.2

		6		0.83		0.89		0.89				244		552.5		72.1		587.3		17.7

		9		0.76		0.83				0.83		241		499.7		52.7		545.7		41.7

		12		0.70		0.81				0.81		238		455.7		44.0		525.6		20.0

		15		0.67		0.76						235		427.5		28.1		487.3		38.4

																Total				Total

																251.7				192.0

														%Remain		0.60				0.69

														%Remove		0.40				0.31

														mg/g		6.9				8.1

														g/mg		0.14				0.12

		Time		Abs25A		Abs25B		Act25A		Act25B		VoladdA		VoladdB

		0		0.874		0.891		25.2		25.6		50		50

		3		0.886		0.875		25.5		25.2		30		30

		6		0.789		0.932		22.7		26.8		30		25

		9		0.830		0.911		23.9		26.2		35		20

		12		0.881		0.843		25.4		24.3		35		20

		Average		0.852		0.890		24.5		25.6		180		145



Average rate of removal over 30 days mg/d

Average rate over 30 days divided by mass of spinach applied mg/d/g

Mass of spinach applied per mass of TNT removed g/mg

Mass of applied spinach g

Mass of TNT removed mg

Initial rate over first 3 days (d-1)

umoles/min or U

Rate over first 15 days (d-1)

umoles/min or U

umoles/min/d-1

Spinach Load (g/mg)

Rate (d-1/U/g)

Second Order Rate Constant

0

0

0

0

0

0

Grams of spinach initially applied in first 50 mL of extract to 250 g of soil

Grams of spinach per mg of TNT  (625 mg TNT in 250 g of soil)

U per g of soil

2nd order rate constant in hr-1/U/g
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30 days

		Time		Control		25gr		15gr		5gr		Average														SoilBlK

		0		0		0		0		0		0.0														0.017

		1		15		14		16		15		15.0

		2		26		26		23		24		24.8		Tension		Voladd		Soilmass		W%		VolH2O		VolReq		Voladd

		3		34		39		35		36		36.0		36		50		250		7.5		19		31		30

		3		0		0		0		0		0.0		44		49		247		4.4		11		38		30

		4		15		13		13		14		13.8		54		41		244		0.3		1		40		35

		5		26		25		22		26		24.8		48		36		241		2.7		6		29		35

		6		45		46		38		45		43.5		36		41		238		7.7		18		23		30

		6		0		0		0		0		0.0		36		48		235		7.5		18		31		30

		7		20		17		17		18		18.0		27		48		232		11.3		26		21		25

		8		32		28		31		36		31.8		27		51		229		11.1		25		26		25

		9		59		49		50		56		53.5		27		50		226		11.2		25		25		25

		9		0		0		0		0		0.0		30		50		223		9.9		22		28		25

		10		18		17		16		16		16.8				47		220		22.2		49		-2

		11		30		31		28		28		29.3

		12		47		52		48		44		47.8

		12		0		0		0		0		0.0

		13		14		16		14		13		14.3

		14		20		24		25		23		23.0

		15		27		35		44		36		35.5

		15		0		0		0		0		0.0

		16		13		14		13		14		13.5

		17		22		23		21		25		22.8

		18		30		36		33		45		36.0

		18		0		0		0		0		0.0

		19		10		14		14		16		13.5

		20		19		21		22		24		21.5

		21		28		24		27		28		26.8

		21		0		0		0		0		0

		22		13		16		14		14		14.3

		23		20		23		22		24		22.3

		24		27		29		27		26		27.3

		24		0		0		0		0		0

		25		13		14		15		17		14.8

		26		21		22		22		23		22.0

		27		25		25		27		31		27

		27		0		0		0		0		0

		28		10		9		14		15		12

		29		22		17		23		24		22

		30		28		26		32		34		30

		Time		Abs25		Abs15		Abs5		VolmLC		VolmL25		VolmL15		VolmL5		MassgrC		Massgr25		Massgr15		Massgr5

		0		0.874		0.501		0.214		50		50		50		50		250		250		250		250

		3		0.886		0.532		0.177		30		30		30		30		247		247		247		247

		6		0.789		0.473		0.158		35		30		30		30		244		244		244		244

		9		0.830		0.498		0.166		40		35		35		35		241		241		241		241

		12		0.881		0.529		0.176		40		35		35		35		238		238		238		238

		15		0.891		0.535		0.178		30		30		30		30		235		235		235		235

		18		0.875		0.525		0.175		30		30		30		30		232		232		232		232

		21		0.932		0.559		0.186		30		30		30		30		229		229		229		229

		24		0.911		0.547		0.182		20		20		25		25		226		226		226		226

		27		0.843		0.506		0.169		20		20		25		25		223		223		223		223

		30		0		0.0		0.0		TotalmL		TotalmL		TotalmL		TotalmL		220		220		220		220

										325		310		320		320

								Gramspin		0		77.5		48		16

		Time		Abs1/C		Abs2/C				C/CoC		Abs1/25		Abs2/25		Abs25		C/Co25		Abs1/15		Abs2/15		Abs15		C/Co15		Abs1/5		Abs2/5		Abs5		C/Co5		AveAbsC

		0		0.001		0.189		0.171		1		0.001		0.192		0.174		1		0.001		0.188		0.170		1		0.001		0.186		0.168		1		0.171

		3		0.001		0.188		0.170		0.99		0.001		0.156		0.138		0.79		0.001		0.166		0.148		0.87		0.001		0.172		0.154		0.92

		3		0.001		0.190		0.172		1.01		0.002		0.162		0.143		0.82		0.002		0.170		0.151		0.89		0.002		0.179		0.160		0.95

		6		0.001		0.188		0.170		0.99		0.002		0.141		0.122		0.70		0.002		0.157		0.138		0.81		0.003		0.163		0.143		0.85

		6		0.002		0.190		0.171		1.00		0.003		0.146		0.126		0.72		0.002		0.159		0.140		0.82		0.002		0.162		0.143		0.85

		9		0.001		0.186		0.168		0.98		0.002		0.119		0.100		0.57		0.002		0.146		0.127		0.75		0.002		0.154		0.135		0.80

		9		0.002		0.192		0.173		1.01		0.002		0.127		0.108		0.62		0.001		0.151		0.133		0.78		0.002		0.160		0.141		0.84

		12		0.001		0.186		0.168		0.98		0.002		0.109		0.090		0.52		0.003		0.133		0.113		0.66		0.003		0.147		0.127		0.76

		12		0.002		0.187		0.168		0.98		0.003		0.112		0.092		0.53		0.002		0.138		0.119		0.70		0.002		0.144		0.125		0.74

		15		0.001		0.183		0.165		0.96		0.003		0.095		0.075		0.43		0.003		0.129		0.109		0.64		0.003		0.138		0.118		0.70

		15		0.002		0.187		0.168		0.98		0.002		0.102		0.083		0.48		0.002		0.125		0.106		0.62		0.003		0.136		0.116		0.69

		18		0.002		0.194		0.175		1.02		0.002		0.093		0.074		0.43		0.003		0.114		0.094		0.55		0.003		0.131		0.111		0.66

		18		0.003		0.185		0.165		0.96		0.002		0.089		0.070		0.40		0.001		0.118		0.100		0.59		0.003		0.130		0.110		0.65

		21		0.002		0.190		0.171		1.00		0.001		0.087		0.069		0.40		0.002		0.110		0.091		0.54		0.002		0.126		0.107		0.64

		21		0.001		0.197		0.179		1.05		0.003		0.086		0.066		0.38		0.002		0.106		0.087		0.51		0.003		0.124		0.104		0.62

		24		0.002		0.185		0.166		0.97		0.002		0.091		0.072		0.41		0.001		0.100		0.082		0.48		0.002		0.119		0.100		0.60

		24		0.002		0.192		0.173		1.01		0.001		0.082		0.064		0.37		0.001		0.097		0.079		0.46		0.002		0.114		0.095		0.57

		27		0.002		0.179		0.160		0.94		0.001		0.079		0.061		0.35		0.002		0.095		0.076		0.45		0.002		0.108		0.089		0.53

		27		0.001		0.186		0.168		0.98		0.002		0.081		0.062		0.36		0.001		0.093		0.075		0.44		0.002		0.104		0.085		0.51

		30		0.003		0.186		0.166		0.97		0.002		0.078		0.059		0.34		0.001		0.089		0.071		0.42		0.001		0.101		0.083		0.49

		30		0.002		0.191		0.172		1.01		0.003		0.082		0.062		0.36		0.001		0.085		0.067		0.39		0.002		0.102		0.083		0.49

		Soilconc		Soilgm		TNTmg				ActAbs		IntRate		Activity		GramSpin		Load		UnitAct		Ka

		2717		250		679.25				0.874		0.0773		25.15		12.5		0.018		0.10		0.77

										0.501		0.0462		14.42		7.5		0.011		0.06		0.80

										0.214		0.0290		6.16		2.5		0.004		0.02		1.18

		Time		Control		25gr		15gr		5gr		Gm		Mass25		mgRem25		Mass15		mgRem15		Mass5		mgRem5

		0		1		1		1		1		250		679.3				679.3				679.3

		3		1.00		0.81		0.88		0.93		247		541.9		137.4		590.2		89.1		627.2		52.1

		6		1.00		0.71		0.82		0.85		244		472.4		69.4		542.1		48.1		564.3		62.9

		9		1.00		0.60		0.76		0.82		241		391.4		81.1		500.7		41.3		537.9		26.4

		12		0.98		0.52		0.68		0.75		238		338.2		53.2		441.2		59.5		485.0		52.9

		15		0.97		0.45		0.63		0.70		235		289.9		48.3		403.8		37.5		444.7		40.3

		18		0.99		0.41		0.57		0.66		232		260.8		29.1		359.7		44.1		414.6		30.1

		21		1.02		0.39		0.52		0.63		229		241.4		19.5		325.7		33.9		390.7		23.9

		24		0.99		0.39		0.47		0.58		226		240.0		1.4		290.8		35.0		356.4		34.4

		27		0.96		0.35		0.44		0.52		223		214.2		25.8		269.1		21.7		313.8		42.6

		30		0.99		0.33		0.40		0.47		220		197.3		16.9		239.1		30.0		280.9		32.8

																mgTNT				mgTNT				mgTNT

																482.0				440.2				398.3

														%Remain		29.04				35.20				41.36

														%Remove		77.12				70.42				63.73

														mg/g		6.2				9.2				24.9

														g/mg		0.16				0.11				0.04

																				Rate		Abs		AveAct		Act/Rate				TNTrem		AppSpin		g/mg		Rate		UnitRate

																				0.0239		0.170		4.9		205.17				482.0		77.5		0.16		16.07		0.21

																				0.0313		0.511		14.7		470.00				440.2		48		0.11		14.67		0.31

																				0.0544		0.852		24.5		450.70				398.3		16		0.04		13.28		0.83

																																		Slope2		Intercpt2		Vmax2		Km2				Applied		Removed

																																		0.0021		0.0116		476.19		5.52				0		0

																																												5		226.24

																																												10		306.75

																																												15		348.03

																				Slope		Intercpt		Vmax		Km																		20		373.13

																				12.518		191.14		0.080		15.27																		25		390.02

																																												30		402.14

																				Act		Rate		Act		Rate																		35		411.28

																				0		0																						40		418.41

																				1		0.005		4.9		0.0239																		50		428.82

																				2		0.009		14.7		0.0313																		60		436.05

																				3		0.013		24.5		0.0544																		70		441.36

																				4		0.017																						80		445.43

																				5		0.020																						90		448.65

																				6		0.023																						100		451.26

																				7		0.025

																				8		0.027

																				9		0.030

																				10		0.032

																				11		0.033

																				12		0.035

																				13		0.037

																				14		0.038

																				15		0.040

																				16		0.041

																				17		0.042

																				18		0.043

																				19		0.044

																				20		0.045

																				21		0.046

																				22		0.047

																				23		0.048

																				24		0.049

																				25		0.050

																				26		0.050

																				27		0.051

																				28		0.052

																				29		0.052

																				30		0.053
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15 days
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250 gm soil at 2717 mg/kg equals 679.3 mg TNT initial

Applied Spinach (g) 0 to 30 days

TNT Removed (mg)
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Applied Spinach (g) 0 to 30 days

Removal (g/mg)
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Activity (U)

Rate (d-1)

Average Rate 0 to 15 Days

0

0

0



		Time		25gr		25gr w DI		Average														SoilBlK

		0		0		0		0.0														0.017

		1		11		12		11.5

		2		18		19		18.5		Tension		Voladd		Soilmass		W%		VolH2O		VolReq		Voladd

		3		20		21		20.5		21		50		250		13.8		35		15		30

		3		0		0		0		25		65		247		12.2		30		34		25

		4		9		8		8.5		23		55		244		13.0		32		23		20

		5		19		20		19.5		20		52		241		14.0		34		18		20

		6		24		25		24.5		27		54		238		11.2		27		27		30

		6		0		0		0

		7		5		5		5.0

		8		17		18		17.5

		9		22		23		22.5

		9		0		0		0

		10		8		8		8.0

		11		16		18		17.0

		12		19		21		20.0

		12		0		0		0.0

		13		10		10		10.0

		14		18		17		17.5

		15		27		27		27.0

								DI				DI

		Time		Abs25		VolmL25		VolmL25		Massgr25		Massgr25

		0		0.891		50		50		250		250

		3		0.875		30		30		247		247

		6		0.932		25		25		244		244

		9		0.911		20		20		241		241

		12		0.843		20		20		238		238

		15		0		0		0		235		235

						Voltotal		Voltotal

						145		95

						Gramspin		Gramspin

						36.3		23.8

												DI		DI		DI		DI

		Time		Abs1/25		Abs2/25		Abs25		C/Co25		Abs1/25		Abs2/25		Abs25		C/Co25

		0		0.002		0.189		0.170		1		0.001		0.191		0.173		1

		3		0.001		0.177		0.159		0.91		0.002		0.173		0.154		0.89

		3		0.001		0.180		0.162		0.95		0.002		0.176		0.157		0.92

		6		0.001		0.160		0.142		0.83		0.002		0.169		0.150		0.88

		6		0.002		0.162		0.143		0.84		0.001		0.171		0.153		0.89

		9		0.002		0.142		0.123		0.72		0.001		0.164		0.146		0.85

		9		0.002		0.157		0.138		0.81		0.003		0.159		0.139		0.81

		12		0.001		0.136		0.118		0.69		0.002		0.159		0.140		0.82

		12		0.003		0.143		0.123		0.72		0.001		0.156		0.138		0.81

		15		0.002		0.135		0.116		0.68		0.003		0.15		0.130		0.76

		15		0.001		0.131		0.113		0.66		0.001		0.149		0.131		0.77

		Time		25gr		25gr w DI						Gm		Mass25		mgRem25		Mass15		mgRem15

		0		1		1						250		679.25				679.25

		3		0.93		0.90		0.90				247		624.5		54.7		605.1		74.2

		6		0.83		0.89		0.89				244		552.5		72.1		587.3		17.7

		9		0.76		0.83				0.83		241		499.7		52.7		545.7		41.7

		12		0.70		0.81				0.81		238		455.7		44.0		525.6		20.0

		15		0.67		0.76						235		427.5		28.1		487.3		38.4

																Total				Total

																251.7				192.0

														%Remain		0.60				0.69

														%Remove		0.40				0.31

														mg/g		6.9				8.1

														g/mg		0.14				0.12

		Time		Abs25A		Abs25B		Act25A		Act25B		VoladdA		VoladdB

		0		0.874		0.891		25.2		25.6		50		50

		3		0.886		0.875		25.5		25.2		30		30

		6		0.789		0.932		22.7		26.8		30		25

		9		0.830		0.911		23.9		26.2		35		20

		12		0.881		0.843		25.4		24.3		35		20

		Average		0.852		0.890		24.5		25.6		180		145



Average rate of removal over 30 days mg/d

Average rate over 30 days divided by mass of spinach applied mg/d/g

Mass of spinach applied per mass of TNT removed g/mg

Mass of applied spinach g

Mass of TNT removed mg

Initial rate over first 3 days (d-1)

umoles/min or U

Rate over first 15 days (d-1)

umoles/min or U

umoles/min/d-1

Spinach Load (g/mg)

Rate (d-1/U/g)

Second Order Rate Constant

0

0

0

0

0

0

Grams of spinach initially applied in first 50 mL of extract to 250 g of soil

Grams of spinach per mg of TNT  (625 mg TNT in 250 g of soil)

U per g of soil

2nd order rate constant in hr-1/U/g
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25g/100mL DI

25g/100mL

Time (d)

Tension (kPa)

Moisture

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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25g/100mL

25g/100mL w DI

Time (d)

C/Co

Unsaturated

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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Absorbance

25g/100mL B

25g/100mL A

Time (d)

C/Co

Unsaturated Comparison

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0.8074712644

0

0.7126436782

0

0.5977011494

0

0.5229885057

0

0.4540229885

25g/100mL A

25g/100mL B

Time (d)

Tension (kPa)

Moisture Comparison

0

0

14

0

26

0

39

0

0

0

13

0

25

0

46

0

0

0

17

0

28

0

49

0

0

0

17

0

31

0

52

0

0

0

16

0

24

0

35

0



Absorbance


