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A theoretical analysis of denitrification occurring in submerged soil
in a test tube, when assumed to be a zero-order reaction with available ————————————————————
organic carbon nonlimiting, appears to be a first-order reaction if the __ , , , , c
effects of diffusion are neglected? In this case, denitrification appears R ESEARCHERS have attempted to measure the order of
to be a first-order reaction because denitriflcation occurs at a faster ^ the denitrification reaction and the rate constant of
rate than the diffusive flux can supply NO3--N to the soa. After some denitrification in the laboratory. Traditionally, this has
length of time, the concentration of NO3~-N in the lower portion of been done by submerging soil in a test tube or beaker where
the flood-water-soil interface will be equal to the concentration in the 62 is first eliminated from the system and then measuring
flood-water. After which time, denitrification occurs only in the upper the disappearance of NO3~-N from the system. Analysis of
portion of the soil sample. When the role of diffusion is neglected, it is the resulting data most often leads the researcher to
generally assumed that denitrification occurs uniformly throughout conclude that denitrification is a first-order reaction, i.e.,
the soil sample. It is for this reason that denitrification can appear to dc/df = _fc]C where c is concentratiOn of NO3~-N in the
be a first^rder reaction when it may actually be a zero-order ^ f [& ^ ^ k Js ̂  mte constant rf ̂  finjt.
reaction. The true order of reaction and rate constant of demtnfica- H t
tion in a test tube can be evaluated experimentally by eliminating the ______
floodwater above the soil sample; with this experimental geometry 'Contribution from the Kentucky Agric. Exp. Stn. as Journal Article
some of the confounding effects of diffusion of NC>3~-N can be no. (77-3-26) and from the Louisiana Agric. Exp. Stn. and is published
minimized. If diffusion is neglected, not only is the order of reaction with the approval of the Directors. Received 28 Feb. 1977. Approved 7
misjudged but the depth of floodwater above the soil has a significant °professor of Agronomy, Univ. of Kentucky, Lexington, KY 40506 and
effect on the magnitude of the calculated rate constant of the apparent Post-Doctoral Research Associate and Professor, Agronomy Dep. Loui-
first-order reaction also. siana State Univ., Baton Rouge, LA 70803.
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Standford et al. (1975) measured denitrification rates in
about 30 soils. Their procedure was approximately that
outlined above, i.e., NO3~-N as KNO3 and distilled water
were added to the soils in containers which were stoppered
and incubated after which time NO3~-N disappearance was
measured with time. A depth of about 3 cm of water was
maintained above the samples. They plotted percent of
initial nitrate remaining (which is equivalent to /u,g of NO3~
in the system/g of oven-dry soil) v. time and concluded that
denitrification in their study of 30 soils generally followed
first-order reaction kinetics better than zero-order reaction
kinetics.

Mahendrappa and Smith (1967) found that maximum
denitrification rates under fully anaerobic conditions oc-
curred at specific soil moisture contents. The time required
to denitrify all the added NO3~-N was considerably longer
when the soil water content was greater than saturation than
when the soil was less than saturated. They felt the
increased time required was due to a difference in dis-
tribution of organisms and/or N compounds in the two soil
moisture treatments. In their paper it could not be de-
termined if floodwater existed above the soil of their high
moisture treatment. If, in fact, floodwater did exist above
their soil samples then, as will be seen later, their findings
could be explained by the effect of diffusion of N03~-N.

Kirda et al. (1974) and Starr et al. (1974) assumed that
denitrification, as well as nitrification, is a first-order
reaction during steady leaching of N in soil columns. They
were successful in modeling N transport and distribution in
soil columns assuming that denitrification and nitrification
are first-order reactions. However, Starr and Parlange
(1976) hypothesized and illustrated to some degree that the
kinetics of nitrogen transformations in Kirda et al. (1974)
and Starr et al. (1974) could have as easily been modeled
using zero-order kinetics for the nitrogen transformations.

Doner et al. (1974) leached Hanford sandy loam with
NO3~-N for 3 weeks; quasi-steady-state conditions were
obtained during the last 12 days of the experiment. They
concluded that denitrification followed zero-order kinetics
until the NO3~-N concentration reached some low con-
centration below which the order of reaction of denitrifica-
tion was other than zero.

Nommik (1956) and Bremner and Shaw (1958) con-
cluded that NO3~-N concentration had little influence on
rate of denitrification. Their conclusion implies that de-
nitrification under their experimental conditions was a zero-
order reaction. In contrast, if denitrification were a first-
order reaction, then NO3~-N concentration must influence
the rate of denitrification. The data of Patrick (1960) shows
denitrification to be a zero-order reaction when an aqueous
suspension of soil plus NO3~-N is agitated without flood-
water and maintained under anaerobic conditions.

The objective of this study was to show by theoretical
analysis that denitrification, when occurring in submerged
soil with available organic carbon nonlimiting and with a
uniform concentration of NO3~-N in the floodwater,
appears to be a first-order biological reaction when in fact it
may be a zero-order biological reaction.

THEORY
The geometry to be considered is shown in Fig. 1. It is assumed

the soil is in an anaerobic state with denitrification occurring as a

zero-order biological reaction, i.e., dCldt = —k where C is NO3 -
N concentration, t is time, and k is the zero-order rate constant.
The depth of the soil is assumed to be infinite with the soil-
floodwater interface at x = 0, and with overlying floodwater of
depth, a. We are further assuming that significant denitrification
does not occur in the floodwater and that the initial concentration
of NO3~-N in the soil solution and floodwater is equal. As soon as
denitrification begins in the anaerobic soil, there will exist a
concentration gradient and then NO3~-N will diffuse from the
floodwater to the soil. Consequently, the concentration of NO3~-
N at x = 0, the floodwater-soil interface, will decrease with time.
Even though the concentration of NO3~-N in the floodwater will
decrease with time, it is assumed that the concentration will
remain uniform throughout the depth of floodwater due to mixing
in response to density and temperature gradients.

The partial, second-order differential equation describing con-
centration of NO3~-N as a function of soil depth and time where
transport is due to denitrification as a zero-order reaction is given
by Eq. [1]

[1]

where
C = concentration of NO3~-N in the soil, /xg/cm3 of soil

volume
t = time, day;

D = diffusion coefficient of NO3~-N in soil, cm^/day;
X = depth space coordinate, cm; and
k = rate constant of denitrification, /ng/cm3 of soil volume/

day.
The diffusion coefficient, D, on NO3~-N in the water-
saturated soil is assumed to be constant; there is no
experimental evidence in the literature to indicate that the D
value is appreciably influenced by C.

The initial and boundary conditions of the diffusion-
denitrification process shown in Fig. 1 are given by eq.
[2]-

C = C0 for all x when t = 0

lim C = C0 - kt, t > 0
*-»»

[2a]

[2b]

where A is the cross-sectional area of the soil sample and
floodwater and ' 'a'' is depth of floodwater. Equation [2a]
states that initially the concentration of NO3~-N in the soil
is uniform throughout. It is assumed that the concentration
of NO3~-N in the floodwater, C/ (jug/ml of water), and the
soil solution, Cs (/ig/ml of soil solution), are equal at t =
0; therefore, the concentration of NO3~-N in the flood-
water, Cf, is related to the concentration of NO3~-N on a
soil volume basis, Co, by: Co = 6C/ where 0 is the
volumetric water content of the soil.

Equation [2b], the boundary condition at \ = + °° states
that the concentration at x = + °° decreases, owing to
denitrification only. In other words, the depth of the soil
need only be great enough that the diffusion front does not
reach the bottom of the soil sample during the duration of
the experiment. For this reason, a soil depth of 6 cm or
more is of infinite depth if k is on the order of 100 /xg/cm3

of soil/day or greater and D is on the order of 1.5 cm2day~'
(see Fig. 3B, C, and D). In Eq. [2b] it can be seen that C
can become negative i f f is sufficiently long. In practice, C
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Fig. 1—Geometry of experimental procedure for denitrification
occurring in submerged soil under reduced conditions.

cannot be negative; therefore, we shall impose the con-
dition that C cannot be < 0.

Equation [2c], the boundary condition at the soil-
floodwater interface, states that the concentration of NO3~-
N in the soil at the soil-floodwater interface as a function of
time, t, will be the initial concentration, Co, minus the
decrease in concentration due to the diffusive flux from the
floodwater to the soil. The quantity enclosed in the brackets
on the right-hand side of Eq. [2c] is the total cumulative
diffusive flux at any time t divided by the volume of
floodwater and is, therefore, the decrease in concentration
due to the diffusive flux from the floodwater to the soil.

The solution of Eq. [1] subject to the initial and
boundary conditions shown in Eq. [2a, b, c] is

ka2

~D' 1/2 J

2ka (t/trD)112 exp (-X
2 /4Dt)

D
[3]

C(x, t) in Eq. [3] is the concentration of NO3~-N on a soil
volume basis, /xg/cm3. The concentration on a soil solution
basis, Cs (fjig/ml of soil solution), is C = 6CS where 6 is
the volumetric soil water content. The concentration of
NO3~-N in the floodwater, C/(/Ag/ml of water), is assumed
to be uniform throughout due to thermal and/or density
gradients even though C/ decreases with time due to
diffusion from the floodwater to the soil. At x = 0, C/ = Cs
for all time. The explicit solution of Eq.. [3] can be found
with the use of the method of the Laplace transform. More
detail of the solution is given in Appendix I.
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Fig. 2—Cumulative flux of NOs~-N (/ig/cm2) from floodwater of
differing depths to soil as a function of time for a zero-order
reaction of denitrification; values were calculated from Eq. [4].

The cumulative flux, per unit area, FT(t), of NO3~-N
across the plane at x = 0 (the soil-floodwater interface) as a
function of time is given by Eq. [4]

ka3

^-2ka2(t/TTDY12

The integral in Eq. [4] involving the product of the
exponential and the complementary error function can be
easily integrated by using the method of inteeratipn bv
parts. From Eq. [4], it is seen that FT(t) is directly
proportinal to k, the rate constant of denitrification.

RESULTS AND DISCUSSION
The cumulative flux of NO3~-N per unit cross-sectional

area from the floodwater into soil (see geometry of Fig. 1)
as a function of time for several depths of floodwater, a, is
shown in Fig. 2. The flux, FT(t), on the abscissa was
calculated from Eq. [4]. As can be seen from Fig. 2, the
major effect of depth of floodwater on flux of NO3~-N
from the floodwater to the soil sample is for ' 'a'' values up
to 3 cm. We remind the reader that Fr(t), see Eq. [4], for a
zero-order reaction and the geometry considered, is in-
dependent of the initial concentration, Co, in the system
and that the cumulative flux of NO3~-N from the floodwa-
ter to the soil cannot be greater than the quantity of NO3~
-N initially present in the floodwater. The diffusion
coefficient of NO3~-N in the soil, D, used in Fig. 2 and
following figures was measured to be 1.33 cm2day~' in
water-saturated Crowley silt loam soil.
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Fig. 3—Concentration of NOa~-N (fig/cm3 of soil volume) as a function of soil depth and time calculated from Eq. [3] for the experimental
geometry shown in Fig. 1. The values used for Co, k and D were 100 jug/cm3, 100 /ug/cm3/day, and 1.33 cm2day, respectively. (A) 0 cm of
floodwater; (B) 1 cm of floodwater; (C) 3 cm of floodwater; and (D) 6 cm of floodwater.

The concentration of NC>3~-N as a function of soil depth
calculated from Eq. [3] for the experimental geometry
shown in Fig. 1 and the initial and boundary conditions
given in Eq. [2] for 0, 1 ,3 , and 6 cm of floodwater is
shown in Fig. 3. In Fig. 3/4 diffusion of NO3~-N cannot
influence the apparent order of denitrification or the
apparent rate constant of denitrification since no floodwater
is present above the soil sample. In Fig. 3/4 denitrification
proceeds at a constant rate since we are assuming a zero-
order reaction with available carbon nonlimiiting and that
the concentration of NC>3~-N is uniform with depth for all
time. However, in Fig. 3B, 3C, and 3D where there is
assumed to be 1, 3, and 6 cm of floodwater, respectively,
diffusion of NOs~-N into the soil, where denitrification
occurs following zero-order reaction does influence the
concentration of NOs~-N with soil depth. The same total
amount of NO3~-N will be denitrified in all four cases of
Fig. 3 during the first day for the values of k and Co
assumed (k = 100 /Ag cm~3 day"1 and Co = 100 /ig cm~3).
For time just greater than 1 day, denitrification will be

occurring in only the upper 3, 3.5, and 4.0 cm of soil for
"a" values of 1, 3, and 6 cm, respectively (Fig. 3J5, 3C,
and 3D). For time just greater than 1.5 days, denitrification
will be occurring in only the upper 0.45, 0.95, and 1.1 cm
of soil for "a" values of 1, 3, and 6 cm, respectively.
Thus, when denitrification occurs in flooded soil as a zero-
order reaction, it can appear to be a first-order reaction
because a diffusion rate limited NOs~-N supply emanates
from the overlying floodwater. The concentration dis-
tribution with soil depth is often neglected or ignored when
analyzing the data. Generally, when researchers have
considered denitrification in flooded soil samples in the
laboratory, they assume the concentration of NC>3~-N is
uniform with depth when considering either a zero-order
reaction (dC/dt = -k) or a first-order reaction (dC/dt =
-kC).

A plot of the average_concentration of NOs^-N on a dry
weight of soil basis, Cw, for 3 cm of floodwater as a
function of time for the soil only, floodwater only, and soil
plus floodwater is shown in Fig. 4. Cw rather than C or C, is
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Fig. 4—Average concentration of NO3~-N (/ig/g of dry soil), Cv, for
3 cm of floodwater as a function of time for NO3~-N contained in
the soil only, floodwater only, and in the soil plus floodwater. The
curves were generated with the use of Eq. [3] and [4] and Fig.
3C.

used here since Cw has been traditionally used in such plots,
see for example, Stanford et al. (1975). Cw cannot be
obtained directly from C, but can be obtained by integrating
C over depth (either graphically or by integration) to obtain
the total amount of NO3~-N in the soil, adding to this the
total quantity of NO3~-N in the floodwater and dividing by
the oven-dry weight of soil. As can be seen from Fig. 4, the
curve for soil plus floodwater or the total NO3~-N in the
system is curvilinear. If this curve only were used to
evaluate the order of the denitrification reaction, the
conclusion would be that denitrification is a first-order
reaction. The quantity of NO3~-N in the floodwater
decreases with time owing to the diffusion of NO3~N from
the floodwater to the soil. The curve for soil only is
essentially linear for t < 1 day for the case shown in Fig. 4
after which time it becomes curvilinear due to the con-
centration of NO3~-N in the lower portion of the sample
reaching zero while NO3~-N is still present in the upper
portion of the sample. The implications of this were
discussed with reference to Fig. 3. In Fig. 4, the de-
nitrification rate constant of 100 pig NO3~-N/cm3 of soil
day""1 was obtained by multiplying the denitrification
reaction rate of soil and water system (75.8 /u.g/g soil) by
the soil bulk density (1.32 g/cm3).

Figure 5 shows a plot of In Cw v. time for the same data
as shown in Fig. 4 in addition to data for 0, 1, and 6 cm of
floodwater. Linearity of such a plot indicates that such data
are derived from a first-order reaction. As can be seen, the

OyU'

1.0 2.0

TIME, days
Fig. 5—Natural^logarithm of average concentration of NC>3~-N (/tg/g

of dry soil), Cw, in system of soil plus floodwater as a function of
time for four depths of floodwater where Co is constant, but where
the total quantity of NOa~-N in the system varies with the depth of
floodwater, "a". The curves were generated from the use of Eq. [3]
and [4] and Fig. 3.

data for 1, 3, and 6 cm of floodwater are essentially linear
and would probably be considered linear within experimen-
tal error if it were experimental data, which were used to
support the premise that denitrification is a first-order
biological reaction. However, as would be expected, the
curve for 0 cm of floodwater shown in Fig. 5 is curvilinear,
indicating that the data were derived from other than a first-
order reaction. The intercepts of the curves in Fig. 5 are not
equal since the differing amounts of floodwater contained
the same concentration of NO3~-N and, therefore, there
were larger amounts of total NO3~-N in the system as depth
of floodwater increased; concentration was calculated on a
soil dry-weight basis, not on a soil volume basis.

Figure 6 shows a plot similar to Fig. 5 except the total
amount of NO3~-N in the system of soil plus floodwater
was maintained constant at 600 pig, i.e., Co decreased as
depth of floodwater increased. In Fig. 6 as was the case in
Fig. 5, the data for 1, 3, and 6 cm of floodwater are linear,
indicating a first-order reaction, while the curve for 0 cm of
floodwater is curvilinear indicating the order of the reaction
is other than first order.

The rate constant of a first-order reaction is the slope of
the linear line obtained from a plot of In Cw v. time. The
slopes of the linear curves for 1,3, and 6 cm of floodwater
in Fig. 5 are -1.36, -0.52, and -0.34 day"1, respec-
tively. The slopes of the linear curves for 1, 3, and 6 cm of
floodwater in Fig. 6 are -1.40, -0.82, and -0.57 day"1,
respectively. The slopes of the linear curves in Fig. 5 and 6
for the same depth of floodwater and, therefore, the
apparent rate constants are expected to be different (in Fig.
5, Co remained constant with depth of floodwater, while in
Fig. 6, Co decreased as depth of floodwater increased)
since concentration as given in Eq. [3] is a function of Co-
The data presented in Fig. 5 and 6 do illustrate the
erroneous conclusions that can be obtained about the order
of reaction as well as the magnitude of the apparent rate
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Fig. 6—Natural logarithm of average concentration of NOs~-N (/tg/g
of dry soil), €„, in system of soil plus floodwater as a function of
time for four depths of floodwater where Co differs but where the
total quantity of NOj~-N remains constant at 600 /tg. The curves
were generated from the use of Eq. [3] and [4] and a figure similar
to Fig. 3 (not shown).

constant when denitrification data is obtained in flooded
soil samples and diffusion is neglected.

Figures 7A and 7B show the comparison of the con-
centration of NOa~-N (on a dry-weight soil basis, i.e. Cw)
in the soil plus floodwater system for denitrification
obtained experimentally in Crowley silt loam soil and the
theoretical concentration of NO3~-N as a function of time
for 0, 3, and 6 cm of floodwater. The 0 cm of floodwater
data are given to show that denitrification appears to be a
zero-order reaction in the Crowley soil with 0.5% rice
straw added (Fig. 1A). Further, the agreement of theory
with the experimental data points is quite good in the case
of 3 cm of floodwater (Fig. 1A). However, when there was
6 cm of floodwater the agreement of theory and experimen-
tal data was not nearly as good (Fig. IB). A possible
explanation for this is that some denitrification may have
occurred in the floodwater.

Reddy et al. (1978) in a companion paper show de-
nitrification data with 0 and 3 cm of floodwater for 14 other
soils with available organic carbon nonlimiting, which
show that denitrification with 0 cm of floodwater appears to
be a zero-order reaction while with 3 cm of floodwater
denitrification appears to be a first-order reaction. The 14
other soil series studied were Mhoon, Midland, Blount,
Webster, Yolo, Muscatine, Lima, Teller, Decatur, Brook-
ston, Mexico, Smolan, Dayton, and Houston Black sam-
ples in Louisiana (Mhoon and Midland), Ohio, Minnesota,
California, Iowa, New York, Oklahoma, Alabama, Mi-
chigan, Missouri, Kansas, Oregon, and Texas, respec-
tively.

In Fig. 1 of Reddy et al. (1978) there does appear to be
some slight tailing or curvilinearity at low concentrations of
NO3~-N for no floodwater especially in the Midland,
Muscatine, Teller, and Brookston soils (4 of 15 soils),
which is some slight evidence that denitrification changes
from a zero-order reaction to a first-order reaction at low
concentrations of NO3~-N. One-half percent rice straw was
added to the 15 soils in hope of insuring that available
organic carbon was not limiting. Rees (1973) indicates that
both a zero-order and a first-order reaction can occur
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Fig. 7—Comparison of average concentration of NOs~-N (/tg/g

soil), Cw, as a function of time obtained from experimental data
showing NO3~-N disappearance and from theory for denitrification
in Crowley silt loam soil for three depths of floodwater; circles
represent experimental data and the solid lines represent the
theoretical curves. The quantities * and D were measured in
separate experiments. {A) 0 and 3 cm of floodwater; (B) 6 cm of
floodwater.

sequentially for sulfate reduction. In view of this evidence,
denitrification could possibly proceed in the same manner
as Rees (1973) indicates for sulfate reduction. The evidence
of a sequential zero-order and first-order reaction for
denitrification in Fig. 1 of Reddy et al. (1978) is slight, but
sufficient to warrant further research to clarify this point.

Even if denitrification were a first-order reaction, dif-
fusion of NOs~-N from the floodwater, if present, would
occur. Such diffusion would affect the magnitude of the
calculated rate constant and probably also the order of the
reaction. An explicit solution of the diffusion-denitrifica-
tion process for the geometry shown in Fig. 1 where
denitrification is assumed to be a first-order reaction has
been obtained. The effect of diffusion upon the calculated
apparent order of reaction and rate constant has not been
sufficiently analyzed at this time to be included in this
paper.
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APPENDIX I right-hand side of Eq. [A-7] is

The Laplace transformation C (x, p)of a function C (x, t) is r ^ e-n\ "I faz2 I v
denned to be (see Carslaw and Jaeger, 1959, page 298) L~l\~^ —;————r =— exP I —

p(?2+1)
L[C(X, t)] = C = ̂  e""C(X, t) dt. [A-l] "

\ / x (Dtyl2\
The Laplace transform of Eq. [1] is given by Eq. [A-2]. / I 2(Or)1'2 a~/

pC-C(X ,0) = Z>0-^ [A-2] -^^(I^iT)+2teV?7^Dexp-'"/4l>r

The Laplace transform of Eq. [2b] and [2c] are given by Eq. _ kax , ( X \ PA «l
[A-3] and [A-4], respectively. ~D~ert€ \ 2(Dt)112 )' L J

,. r =— —— H T A i l ^ne integrati°n involved in the convolution theorem in obtaining
x-T. p p2 l J the inverse of Eq. [A-8] will be furnished to the interested reader

_ upon request. £ ^
— Cn D B C(0 o) Since the inverse Laplace transforms of —- and - —; are
C(0,p)=— + — ——±-^. [A-4] P p2

p ap ox C0 and —kt, respectively, the solution is as given in Eq. [3].

The general solution of Eq. [A-2] after replacing C(x, 0) by C0 is
given by Eq. [A-5].

C = Ae"x + Be-"x+— --^ [A-5]
P P2

where A and B are constants which may involve p and q =
(plD)l/!. The constant A must be identically equal to zero if
boundary condition Eq. [A-3] is to satisfy Eq. [A-5]. When using
the other boundary condition, Eq. [A-4] in Eq. [A-5], we find

B = k/\f>p(q* + q/a)}. [A-6]

Therefore, the solution in the Laplace transform notation is given
by Eq. [A-7].

_ t f-HX C lrc""»^7^f)+v-^ <-'
From Eq. [13], page 494 of Carslaw and Jaeger (1959), one finds
the inverse of e~QX/[q2 + q/a] to be equal to

D«P(^M^T)
and using the convolution theorem (see Eq. [15], page 294 of
Churchill, 1944), i.e., the inverse Laplace transform,

L-'T-Ftp)! = f F(-n)d-n.
lp J Jo

Therefore, the inverse Laplace transform of the first term on the
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