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ABSTRACT

A lack of in-situ instrumentation limits continuous monitoring of soil solution concentration to evaluate
environmental (contaminants) and agricultural management (plant nutrients) practices. We developed a prototype
soil solution monitoring technique, to measure long-term in-situ nitrate concentration, consisting of an in-situ
stainless-steel porous cup, with real time concentration measurements using a UV fiber-optic sensor and Ion
Selective Electrode (ISE). The measurement technique does not require soil solution extraction, but is based on in-
situ soil solution equilibration by diffusion between the porous cup and the surrounding medium. The technique is
presented for nitrate solution with sandy soil using new designed of solution samplers. Analytical solutions are
presented to evaluate solute diffusion coefficients, as controlled by a variety of soil water contents. The principles of
operation are demonstrated for diffusion a saturated and unsaturated Oso Flaco Sand, illustrating the potential

application solution samplers in a soil environment.

INTRODUCTION
In-situ solution samplers are essential tools for water quality assessment in surface water,

groundwater, as well as for vadose zone monitoring of agricultural and industrial chemicals, and for
ecological monitoring of soil nutrients. There is increasing interest in detailed sampling of soil water
solutions for soil ecological purposes, so as to better understand nutrient limitations in natural ecosystems
(Simunek and Hopmans, 2008).

Several methodologies have been developed to measure concentrations of inorganic solutes in
soils. The soil solution extraction is still the preferred method when a time series of solute concentration
is required. However, the soil solution extraction can affect the concentration measurement directly by
way of the suction applied (Grossmann and Udluft, 1991). Also, as pointed out by Essert and Hopmans
(1998) and Poss et al. (1995), the magnitude of the applied suction will determine the soil pore sizes from
which solution will be extracted, thereby affecting the measured soil solution concentration. Although
ceramic solution cups are generally accepted as the material of choice for soil solution extraction
(Weihermuller et al., 2007), these do have limitations. On the other hand, stainless steel porous cups are
strong and durable comparison to ceramic cup with fragile nature, and porous steel materials are available
with a wide range of air entry pressures, thus providing for an excellent alternative to ceramic cups.

An alternative approach to monitor soil solution concentration is by applying the passive

diffusion technique introduced by Moutonnet et al. (1993), allowing for ionic equilibrium between the
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solution inside the porous cup and the surrounding soil solution by ionic diffusion. Riga and Charpentier
(1998) developed a mathematical method to estimate equilibrium time, and they showed that equilibration
times for nitrate diffusion can be weeks, especially for unsaturated soils. After a field evaluation of both
the diffusion and vacuum extraction method, Poss et al. (1995) concluded that both sampling devices are
suitable for nitrate leaching monitoring, considering that the diffusion method provides for a much more
time-integrated measurement.

Rather than by using soil solution extraction (Moutonnet et al.,1993) we present two alternative
in-situ methodologies. The fiber optic measurements involved measuring ion levels in the water
contained within the sampling cups with ultraviolet (UV) absorption spectroscopy techniques (Jaffe and
Orchin, 1962; Knowles and Burgess, 1984). Ultraviolet spectroscopy has been employed for analysis of
aqueous nitrate levels for several decades. Ultraviolet absorption spectroscopy has also been used to
measure other ionic and nonionic species in water such as bromides and sucrose (Johnson and Coletti,
2002; Roig and Thomas, 2003), but has not been applied to date for in situ soil solution concentration
measurements.

The other alternative in-situ methodology is to use ion-selective electrodes by inserting into
solution sampler. Despite disadvantages such as electrode fouling, electrode drift, ion interference and
frequent calibration requirement, and the need for temperature compensation, the ISE technology
provides for a rapid and convenient method for soil nitrate concentrations after extraction of the soil
solution (Dahnke, 1971).

The main objective of the study was to test the ionic diffusion method using both the ISE specific
electrode and UV fiber optics technology for in-situ measurement of nitrate (NO53™-N) concentration. We
used two types of stainless steel cups with different porosity and permeability values. Moreover, we
compared the measured NO5;-N diffusion concentration inside the SS porous cups with two analytical
models. We believe that in concept, the presented technology is an important step towards continuous,

long-term deployment and real-time monitoring of NO5™-N soil solution concentration in situ.

MATERIAL and METHODS

The principal objective of this study was to experimentally test the diffusion equilibration method
for nitrate, and to compare results with analytical solutions of diffusion in liquid, saturated and
unsaturated sand. For this purpose, we monitored diffusion of nitrate across the porous wall of a stainless
steel (SS) cup by way of either an ion-selective electrode (ISE) or by a UV adsorption method using fiber-
optic technology in liquid and sandy soil conditions. We tested simple analytical solutions that were fit to
the diffusion data, providing for solute diffusion coefficients from solution into the porous SS cup. The

experiments were conducted for liquid diffusion across a range of outside reservoir volumes, for two
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types of stainless steel porous cups of different grade and size, and for a saturated and unsaturated sandy
soil.

The simple experimental set up consists of an inside reservoir with radius r; (L) (excluding the
porous wall) consisting of a stainless steel (SS) porous cup containing a known volume of deionized
water where Ci(r, 0) = 0, and an outside reservoir of inside radius r, (L), containing a known volume of
NO;5™-N solution at predetermined concentration (Fig. 1). We denote the outside radius of the SS cup as
rw (L), to include the thickness of the SS cup wall. At 7 = 0, the stainless steel cup filled with de-ionized
water was immersed into the reservoir filled with the NO;-N solution. Diffusion experiments were
terminated after the cup concentration was about 90 % of the final NO5-N equilibration concentration

(Riga and Charpentier, 1998).

(A) (B)

Sooooooooo|
Sooecocoa of
Socoooooom

=er=

—=o—

UV Light
Source

Master

Slave-1

Cables for optical I 1 75%
and ISE probes PHmVThermomatar

) Handheld meter

on
Stainless steel y
tube -
\ o e
: aurren
guide for ISE

Fiber optic UV probe In ﬁ

Fiber optic cable

Stainless steel

Rubboer stopper Parafilm cover | ISE probe

Airventilation

Stainless steel

porous cup
]

Stainless steel
porous cup Reference pellet

Inside
solution, C;™] <—1— Oso Flaco sand with

nitrate solution (C,)
Measurement Distilled water (C)
[~ opening }«——Buchner funnel

Qutside solution, C, \ "
! Hanging water

Reservoir cup column outlet

Figure 1. Schematic of the (A) fiber optic system and experimental set up in liquid and (B) ISE system with Oso

Flaco Sand.

Electrical Circuit Analog (ECA) Model
A simplified model to predict the time-varying NO; -N concentrations can be developed by way
of using a simple electric circuit analog (Tuli et al., 2008). We denote the average NO53-N concentrations

inside and outside the porous cup as C; (M L™) and C, (M L), respectively, with corresponding reservoir
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volumes of V; (%) and V, (L?), respectively. For simplicity, the volume of solution within the porous wall
material can reasonably be assumed to be negligible.
The NO5-N diffusion rate, J (M T™), is given by
_C,-C
R

C

J . ey

where R, (T L?) is the overall resistance to diffusion through the liquids and across the porous cup. In
addition, J can be identified as the time-rate-of-change of the average concentrations in the inner and

outer reservoirs, or:

gy __y 9 @
dt dt
We require that mass is conserved, or
GV +GY, =C. V. 3

where V., =V, + V, (L3) and Cpe M L'3) is the average NO;-N concentration after full equilibration, so
that NO5-N levels are the same everywhere. By combining Eqgs. (1) - (3), an ordinary differential
equation can be developed with subjecting to the initial condition C;(0) = 0, leading to Cyue = Co(0)/(1 +
VilV,), where C;(0) and C,(0) are the NO5-N concentrations at the time ¢ = 0. The solution of ordinary
differential equation can then be written as:
C
In(1—aJ:—at, “4)
so that a plot of In(1 - Ci/C,y.) as a function of time, ¢, yields a straight line with slope —a. By measuring
the slope of the data, which determines the variable a, the overall resistance to NO5-N diffusion can be
computed. This overall wall resistance can be related to the effective diffusion coefficient of the porous
cup to NOs-N by assuming that NOs-N diffusion through the wall is quasi-steady, and by solving
Laplace's equation in cylindrical coordinates (Incropera et al., 2007).
_In(r, /1)

R ——w ) 4
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where [/ is inside height of the SS cup. Substituting Eq. (4) into a = (V, / R. V; V,)), we can compute the
effective diffusion coefficient, Dg, using that incorporates both liquid diffusion and diffusion through the
porous cup (L* T'"). We note that r;,, and r; are the outside and inside radius of the stainless steel porous

cup, respectively.
Riga and Charpentier (RC) Model

The analytical solution introduced by Riga and Charpentier (1998) was used assuming a constant

spatial diffusion coefficient across the inside and outside reservoir, neglecting the reduced diffusion
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across the porous cup wall. This analytical solution also assumes radial symmetry across the inside cup

and outside reservoir. The initial uniform concentration inside the porous cup (¢ = 0), C, is brought into

instantaneous contact with an infinite and homogeneous cylindrical source with concentration C, (C, >

C). The general solution is given as Eq. (3.10) in section 3.2 of Crank (1975). With C; = 0, the
concentration change in the center of the cup can be written as (Riga and Charpentier, 1998)

C(0,1)

C

[o]

=exp(~r, /4D 1) (10)

where Dk is effective diffusion coefficient (L2 T'l), I'w 1s the outside radius of the stainless steel cup (L),
and C(0,t) denotes the NOy-N concentration (M L) as a function of time in the center of the cup, with
0<t<owo. The effective diffusion coefficient of the experimental system with the porous cup was treated as
a fitting parameter, to be estimated using the MS Excel solver (Wraith and Or, 1998), minimizing the
objective function consisting of the sum of the squared error between independently-measured

concentrations and model output.

Nitrate Measurements

Ultraviolet (UV) Absorption Spectroscopy

Ion concentration levels in solution were analyzed using ultraviolet (UV) absorption spectroscopy
techniques (Jaffe and Orchin, 1962; Knowles and Burgess, 1984). When light passes through a sample,
the light interacts with atoms and molecules in its path by scattering and absorption, with absorption
occurring at specific wavelengths corresponding to transitions between different energy levels.

The optical system used in these experiments could measure UV-VIS absorption spectra from
about 200 nm to 700 nm. For the NO;-N concentration range between 0 and 100 mg L', we used
absorbance spectra in the wavelength range 235 nm to 240 nm, which provided accurate results while still
allowing strong (but not saturated) signals with minimum detectable values of about 1 mg L™ Figure 2
shows absorbance spectra over this range. By using these spectral data, calibration data were obtained to
relate the absorbance at a given wavelength to the amount of NOs-N present in the sample. The
absorbance measurements of our study were done with a fiber optic T300-RT-UV-VIS transmission
(where VIS denotes visible) dip probe that was obtained from Ocean Optics. A Heraeus FiberLight UV
source was used to provide light for the measurements and a two-channel Ocean Optics SD-2000 UV-VIS
spectrometer was used for spectrum analysis (Figure 1A). The dip probe included a reference fiber to

correct for light intensity fluctuations of the light source.
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Ion Selective Electrode (ISE) Method

The Ton Selective Electrode (ISE) method is a relatively simple and inexpensive analytical tool
for measuring specific ion concentrations in the presence of other ions. An ISE converts the activity of a
specific ion dissolved in a solution into an electrical potential to be measured by a handheld millivolt
(mV) meter (Figure 1B). The electrical voltage is theoretically dependent on the logarithm of the ionic
activity based on the Nernst equation (Durst 1969). For practical use, an ISE should be calibrated using
KNOj; solutions with concentrations between 1 and 100 mg L' NO;-N as standard solutions. The ISE

must be calibrated using standard solutions before each measurement.
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Figure 2. Plot of NO;3 -N absorbance spectra between 235 and 240 nm.

Ion Diffusion in Liquid Phase (experiments 1 through 6)

To investigate the size effect of the reservoir cup to the diffusion of NO';-N solution, experiments
1 through 4 (Table 1) were conducted for a range of ratio values, as defined by outside radius (r,,) of a SS
cup divided by radius of outside reservoir (7,), Or iwo = Fiw/To. This set of experiments was chosen to
establish a range of diffusion equilibration times for the same SS Cup I (OD. 0.0191 m, ID. 0.0157m,
inside height 0.0376 m) with a porosity of 0.15 m® m™. Values for Fiwo Were 0.82, 0.50, 0.31, and 0.16.
This range in 7y, values was obtained by changing the outside reservoir cup (Fig. 1A) with the desired
diameter cup. For each of the 4 experiments, we filled the outside reservoir with a predetermined volume
(V,) of 50 mg L' NO;-N solution (using KNO3). Subsequently, the SS cup was filled with distilled water
and placed in the center of the outside reservoir at ¢ = 0. For 7>0, the concentration changes inside the SS

cup as caused by diffusion were monitored continuously using the UV dip probe (Figure 1A). The
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reservoir was covered with parafilm to prevent evaporation during the diffusion experiments. In
experiments 5 and 6, we tested the ISE probe for SS Cup I with 7y, values of 0.58 and 0.77 and using a

25 mg L' NO'5-N solution as the outside reservoir concentration.

Ion Diffusion in Saturated and Unsaturated Sand (Experiments 7, 8, and 9)

To compare nitrate (NO'3-N) concentration measurements in soil between UV and ISE probes, a
diffusion experiment was conducted for a saturated sand (experiments 7 and 8 with volumetric water
content of 0.434 m® m™) with 100 mg L' NO';-N solution. Oso Flaco fine sand was wet-packed with
nitrate (NO’3-N)
solution in a Buchner funnel to a final bulk density of 1,500 kg m™, resulting in an outside solution
reservoir volume of 756 ml (Table 1). The Buchner funnel was covered to prevent evaporation. For the
unsaturated case (experiment 9), 0.37 m suction was applied to the sample though a ceramic barrier at the
bottom of the Buchner funnel, resulting in a volumetric water content of 0.347 m’ m>. At =0, Cup I
(OD. 0.0193 m, ID. 0.0154 m, inside height 0.0476 m) with a porosity of 0.19 m’ m~ was filled with 12
ml distilled water and the change in concentration with time was monitored at different time intervals by

lowering the ISE into the porous cup at predetermined time intervals (Figure 1B).

Table 1. Parameters for all presented diffusion experiments.

. ¥ t
Experiment  Probe Medium  SSCup  ry, i Vi Yo Vi Co Cave Ae tie tos
Type cm mi mg L’ sml’ h h

1 uv Liquid Cupl 0.16  6.03 55 363.5 369.0 50 49.3 28984.2 30.2 131.1
2 uv Liquid Cup | 0.31 3.03 59 100.5 106.4 50 47.2 21513.7 23.1 100.4
3 uv Liquid Cupl 0.49 1.93 5.1 29.7 34.8 50 42.7 21095.3 17.7 76.2
4 uv Liquid Cupl 082 1.17 5.2 5.2 10.4 50 24.9 23324.5 11.7 50.1
5 ISE Liquid Cupl 0.58 1.64 4.5 21.6 26.1 25 20.7 11399.8 8.2 35.6
6 ISE Liquid Cup | 0.77 1.24 7.3 7.7 15.0 25 12.8 10452.3 7.5 32.6
7 ISEt Sand Cupll 012 7.80 11.9 755.6 767.5 100 98.4 11535.8 26.0 112.6
8 uv+t Sand Cupll 012 7.80 1.9 755.6 767.5 100 98.4 11923.8 26.9 116.4
9 ISE Sand Cupll 012 7.80 11.9 604.1 616.0 100 98.1 36666.0 82.4 356.1

t Both probes were used in the same experiment; * Time for concentration at 50 and 95 % level of the final concentration

RESULTS and DISCUSSION

Diffusion in Liquid Phase by ISE and UV Spectroscopy

In a set of experiments 1 through 4, we tested the diffusion equilibration method using both the
RC (Riga and Charpentier, 1998) and ECA (Electrical Circuit Analog) model, and estimated the effective
diffusion coefficient for nitrate (NO3-N) in water solution using 4 sizes of outside reservoirs with radii,
ro, varying from 6.03 to 1.17 cm, with the same SS cup with inside (r;) radius of 0.79 cm and wall
thickness of 0.17 cm. Thus, as r, is smaller, the r;y, ratio increases from 0.16 to 0.82 (fifth column of

Table 1). The diffusion coefficients were estimated for each r, value for both analytical solutions, using
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the parameters listed in Table 1. The results for the time-change in concentration in the SS cup are
presented in Fig. 3 for each of the 4 ratios. As r;,, decreases, both the average equilibration concentration,
Cae and the equilibration time will increase, because of the corresponding increase in the outside
Teservoir size.

To confirm such conclusions, we calculated the half-life (#,), and time to 95 % of the final
equilibration concentration (#s) for all diffusion experiments in Table 1. The half-life is independent of
the concentration gradient and provides for an objective time constant of the diffusion process. As is
intuitively clear, the presented f,-values increase with decreasing ryy, values, or as the outside reservoir
is larger in diameter. The RC model provides for a point solution (r = 0) in the center of the SS cup,
whereas the ECA solution focuses on average liquid concentration. However, we should realize that the
sensor tip of both the ISE and UV probe are of finite sizes (O.D. 1.23 c¢cm for ISE and O.D. 0.635 cm for
UV probe), so that the measurements are likely a better approximation to the ECA model, as the
measurement volumes of both probes are relatively large, thereby violating the point solution of the RC
model.

Table 2. Estimated Dg values and their goodness of model fit.

ECA Model RC Model
Experiment  Probe Medium Tiwo
Dg, cm?/s R? SE, mg L Dg, cm?/s R? SE, mg L
1 uv Liquid 0.16 0.026 x 10° 0.99 1.49 0.286x 10°  0.99 2.15
2 uv Liquid 0.31 0.034 x 107 0.99 0.97 0.370x 10°  0.98 2.19
3 uv Liquid 0.49 0.039x 10 1.00 0.49 0.462x10°  0.95 2.61
4 uv Liquid 0.82 0.031x 10° 0.99 0.89 0.281x10°  0.90 2.58
5 ISE Liquid 0.58 0.070 x 10° 0.98 0.79 0.860x 10°  0.97 0.97
6 ISE Liquid 0.77 0.076 x 10° 0.96 0.77 0.469x 10°  0.67 2.50
7 ISET Sand 0.12 0.063 x 10° 1.00 1.80 0.421x10°  0.97 5.87
8 uv? Sand 0.12 0.061 x 107 1.00 3.22 0.371x10°  0.96 5.64
9 ISE Sand 0.12 0.020 x 10° 0.99 1.12 0.150x 10°  0.87 4.01

* Both probes were used in the same experiment

Overall, by visual inspection, the ECA model fits the measured concentrations better than the RC
model, especially at later times. As expected, the ECA solutions and the experimental data should
approach C,. at long times, simply from the principle of mass balance, whereas the RC solution will
approach to C,. Therefore, one would expect that the Dg values for the ECA model are more
representative than those estimated using the RC model. However, both models incorporate the increasing
cup resistance to diffusion, thereby reducing D, relative to that of the diffusion coefficient of nitrate (NO
3-N) in water, D,, only. We note that D, for nitrate is 1.902 x 10° cm?® ™! (Vanysek, 2008), whereas Dg
values vary from 0.026- 0.039 x 10° ecm? s (ECA model) and 0.28- 0.46 x 10° cm® s (RC model),
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respectively. The effective diffusion coefficients values, estimated from the ECA and RC model are
presented in the fifth and eighth columns of Table 2. The values of diffusion coefficients from both
models are about one order-of-magnitude different. Also, the standard error of the predictions (SE) were
consistently lower for the ECA model predictions than for the RC model, indicating that the ECA model
produces better fitting results. Both diffusion models are affected by the size of the outside reservoir, as
quantified by riy, (Table 2). Regarding the ECA-model, we expect that the resistance to diffusion (R.)
will increase with lower ry,, values (higher r,), leading to lower values of Dg. In a subsequent set of
experiments 5 and 6, we evaluated diffusion using the ISE electrode (Tables 1 and 2). Estimated Dg
values were about 2 to 3 times larger as compared to the UV measurements. We concluded that various
factors can explain this difference. First, diffusion by the fiber optics method is expected to be smaller,
because of the partial shielding of the sensor tip, which can account for about 30 % of the difference. This
partial shielding will inhibit diffusion of nitrate ions to the sensor element, thereby decreasing the
estimated diffusion coefficient. Moreover, as the sensor diameter of the ISE is about twice as large as that
of the UV, one would expect higher and more accurate diffusion coefficient values, as measured with the

ISE sensor, because it provides better measurement of the average concentration of the SS cup.

Figure 3. Model fitting of RC and ECA models to nitrate concentration data for different r,, values (Experiments 1

through 4).

Time (h)

203

50 50 5
P = 0.82 P = 0.50 c
o
240 40 -
g .
= 7
£ 30 30 .
g Cue %
=
5} ‘0
Q /
§ 20 20
Z f
S 104 /f 10 -
Z ! ]
/ 1
/I /
0 T T T T T 1 0 T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
C,
50 4 Ci. 50 — ave
N _ o _ o
D 4] fwe=030 0o w0d  Twe=0.16 =
g g 02
= P z
S 30 . 30
g y y
5} // /
% 20 20 © O UV Measured
2 -- RC
i — ECA
& 10 10 -
Z N /
/ /
/
0 —TT—T—— 0y
0 20 40 60 80 100 0 20 40 60 80 100

Time (h)



Diffusion in Saturated and Unsaturated Soil by ISE and UV Spectroscopy

Using SS Cup type II and a soil solution concentration of 100 mg L™' NO5sN solution, both the
UV and ISE probe were compared in experiments 7 and 8, to determine nitrate (NO’3-N) diffusion for the
saturated Oso Flaco sand (Fig. 6). At approximately equal times, both probes were inserted sequentially
into the SS cup one after the other for solution nitrate (NO’3-N) measurements. Both the RC and ECA
model were fitted to the experimental data for ISE (Fig. 4A) and UV method (Fig. 4B). Both probes
produced similar results of concentration changes as a function of time. This can be expected since both
probes were mixing the cup contents when they were inserted and removed. At unsaturated conditions
(experiment 9), the ECA model was produced better fitting results than the RC model (Fig 4C).

Fitting results (Table 2) of the ECA model were excellent for saturated sand (R*=1.0 and SE =
1.80 and 3.22) for both probes and unsaturated sand (R* = 0.99 and SE = 1.12), whereas the RC model
underestimated the measured data at early times and overestimated at later times (Fig 4). The half-life
time, t,,, and calculated time required for 95 were quite similar for both probes (Table 2). The half-life
time at unsaturated condition is much longer than saturated sand indicating proportional increase in
equilibration time for unsaturated soils, as ion diffusions in partially-saturated soils are controlled by the
degree of saturation and the pore water tortuosity (Tuli et al., 2004). The estimated diffusion coefficient
values as determined by ISE and UV measurements were nearly identical, with slightly lower values
using the RC model. Intuitively, one would expect the diffusion coefficient of nitrate in the saturated sand
to be lower than for the liquid solution. However, the fitting results produced equal or larger Dg values for
the sand diffusion experiments. We provide two reasons. First, it is very likely that the porous steel only
is controlling nitrate diffusion into the SS cup, as its porosity is much smaller than for the sandy soil
(Table 1). Second, the porosity of SS cup II is higher than of cup I (0.15 versus 0.19 cm® cm™). As the
diffusion expressions (Jury et al., 1991) predict, diffusion is proportional to porosity, thus partly
explaining the higher diffusion coefficient and lower diffusion resistance (Table 1) values for SS Cup II.
As before, the slightly lower Dg values as determined with the UV method are likely caused by the partial
blocking of the sensor tip. The estimated diffusion coefficient of unsaturated sand was much lower than
saturated sand due to the increasing diffusion resistance (Table 1) and tortuosity of for the diffusion (Tuli

et al., 2004).
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Figure 4. Fitting of RC and ECA models to nitrate diffusion as measured (A) ISE, (B) UV probes (Experiments 7

and 8 at saturation) and (C) ISE (Experiment 9 at unsaturated conditions).

CONCLUSIONS

We propose that continuous long-term deployment and real-time monitoring of the soil solution
can be accomplished with both UV fiber optic technology and ion specific electrode measurements. The
results for solution nitrate showed that the UV and ISE probes produced similar successful results for Oso
Flaco sand. To evaluate the concept of the diffusion equilibration method, the effective diffusion
coefficient of nitrate was determined by fitting experimental diffusion data to two analytical model
solutions. Both the Electrical Circuit Analog (ECA) and the Riga and Charpentier (1998) (RC) model
generally fitted the experimental data, but resulted in nitrate diffusion coefficients that were about one
order of magnitude different between the two theoretical diffusion models. We concluded, however, that

the performance of the ECA model was significantly better than the RC model. The calculations showed
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that increasing the outside cup radius significantly increased the half-life time and overall resistance to
molecular diffusion, thereby lowering the values of the fitted nitrate diffusion coefficient. In concept, we
showed that the application of UV technology can be used for real-time monitoring of nitrate (NO;-N)

concentration in soil solution.
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