
fer during
a tracer

xpression
onstants

e encap-
aining the
rved. This

The model
pH in the
Mathematical Modeling of Encapsulated Buffer Performance
in Sand Columns
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Abstract: A one-dimensional mathematical model was developed to simulate pH control using an encapsulated phosphate buf
denitrification in a sand column. The parameters required for the model were obtained from direct physical measurement, from
study to characterize the dispersion coefficient in the column, and from batch experiments designed to obtain an empirical e
describing the variation of the first-order rate constant for the encapsulated buffer core release with pH. First-order kinetic c
describing the rates of denitrification and ethanol biodegradation were obtained by fitting the model to column runs without th
sulated buffer. With these parameters, the model was subsequently used to predict the performance of column runs cont
encapsulated buffer. Since denitrification was essentially complete in the sand columns, an increase in the effluent pH was obse
pH increase was counteracted by the controlled release of the acidic core of the encapsulated buffers added in the columns.
reasonably predicted the release of the encapsulated buffer core and the performance of the encapsulated buffer for controlling
column.
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Introduction

Maintenance of a process in an optimum pH range can be a
requisite to the effectiveness of numerous chemical and biolog
processes in environmental engineering. For example, it has
shown that the effectiveness of bioremediation is impacted by
~Goodwin et al. 1988; Reardon and Bailey 1989; Albrechts
1994!. It has also been shown that the rate of reduction of ha
genated compounds by zero-valent metals is faster at a lowe
~Matheson and Tratnyek 1994!. Controlling the pH in an in situ
remediation scenario by pumping acids or bases through wel
infiltration galleries may be technically difficult and capital inte
sive. A promising method of effectively controlling the pH in a
in situ remediation scenario is through the use of encapsul
buffers. Vanukuru et al.~1998! used encapsulated buffers com
prised of an acidic phosphate core and a pH sensitive poly
wall that dissolves in solutions with a pH greater than 7.0. T
wall dissolves faster at a higher pH, hence releasing more of
acidic core contents to reduce the pH of the surrounding solut
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The encapsulated buffer can potentially be delivered through
jection wells and left in the well without the need for addition
equipment.

Rust et al.~2002! demonstrated that the encapsulated buff
are effective in controlling the pH in sand columns with an act
denitrifying population. During denitrification, the reduction o
nitrate to nitrogen gas increases the effluent pH from the colu
After the injection of encapsulated buffers in the column, the h
pH dissolves the polymer wall and releases the phosphate b
to decrease the pH. In this study, a mathematical model for
sand column is developed to understand the pH control me
nisms that occur in the column.

Numerous one-dimensional advection–dispersion mod
simulating chemical equilibrium, chemical reactions, and
transport and fate of chemical species have been reported in
literature~Furrer et al. 1996; Ba¨verman et al. 1999; von Gunte
and Furrer 2000!. Some models have also accounted for the
changes in a system~Appelo 1994; Haran et al. 1997; Choi et a
1998!. Some commercial and public domain models are availa
that calculate geochemical speciation and are commonly base
the assumption that local chemical equilibrium and thermo
namically well-defined mineral phases exist at every point. E
amples of such programs include:MICROQL ~Swiss Federal In-
stitute of Technology, Duebendorf, Switzerland 1979!; EQ6:
~Wolery and Daveler 1992!; PHREEQE~Parkhurst 1995!; and
MINTEQA2~Allison et al. 1991!. The typical drawback to adapt
ing these models to a specific case is that the learning curve
be steep and altering the model to be applicable to one’s syste
difficult. Thus, the approach taken in this study was to develo
one-dimensional model that was specifically applicable for
experimental sand column.

The specific objective of this study is to develop a on
dimensional mathematical model to simulate pH control using
encapsulated phosphate buffer during denitrification in a sand
umn. The model accounts for advection and dispersion, acid-b
equilibrium, electroneutrality, biological reactions, and the kin

o
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Fig. 1. Schematic of flow-through sand column showing location of wells containing encapsulated buffer
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ics of release of the encapsulated buffer core. The param
required for the model were obtained from previous experime
and the model predictions of the performance of the encapsul
buffer in controlling the pH in the column were evaluated. T
modeling approach could potentially be extended to two or th
dimensions and used in remediation applications where pH c
trol is desirable.
speciation,

Materials and Methods

The experiments in the succeeding paragraphs are describ
detail in Vanukuru et al.~1998!; Rust ~2001!; and Rust et al.
~2002!. For completeness, a brief description of the previous w
is outlined.

Characterization of Encapsulated Buffer

The encapsulated buffer used in this study is in microcaps
form ~'0.5–2 mm in diameter! composed of an acidic phospha
core (KH2PO4) coated with a methacrylic acid copolyme
~Eudragit™ S-100, Rohm America Inc., Piscataway, N.J.!. The
mass ratio between the phosphate core and the polymer coat
7:3. At a solution pH greater than 7.0, the polymer dissolves
releases the acidic core. The release of the core contents o
encapsulated buffer was characterized in batch studies at diffe
constant pH values ranging from 6 to 9. Previously, a model w
developed that described the kinetics of release of the buffer
using Monte Carlo methods~Vanukuru et al. 1998!. However,
incorporating this stochastic approach into a model for a s
column is computationally intensive. Thus, a deterministic mo
was developed to fit the experimental data and obtain a new s
kinetic parameters.

Sand Column Experiments

Fig. 1 shows a schematic of the glass column used to test
capacity of the encapsulated buffer in controlling pH in a flo
through scenario. Denitrification occurred in the column us
ethanol as the electron donor and carbon source. Three mini
wells were installed at different points along the column to h
the encapsulated buffer, and equal masses of encapsulated
were added to each of these three wells. The column was fe
timed peristaltic pumps, which provided intermittent flow fro
one feed reservoir at a cycle of 6 s on and 54 s off. The pH an
concentration of the ethanol@reported as total organic carbon du
ing the first column run and subsequently as ethanol during
second column run#, phosphate, nitrate–nitrogen, and total ino
ganic carbon in both the influent and effluent were monitored
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In the first and second column runs, a biologically active c
umn without encapsulated buffer, a biologically active colum
with encapsulated buffer, and an abiotic column were opera
The major difference between column runs is that trichloroeth
ene ~TCE! was added in the second column run to evaluate
multaneous denitrification and degradation of TCE within the c
umn, and that the influent phosphate levels in the second col
run were decreased significantly. The TCE measured in the
umn influent ranged from 0.2 to 1.5 mg/L in the experiments d
to the volatile nature of TCE. Denitrification was not observed
the abiotic control column. Models were developed for the b
logically active columns in the study. In this manuscript, Colum
A and B refer to the columns without and with encapsula
buffer addition, respectively. Cases I and II refer to the first c
umn run without the addition of TCE and the second column
with the addition of TCE, respectively. For Column B, 5 and 3
of encapsulated buffer were added in each well for Cases I an
respectively. Table 1 shows a summary of the experimental ma
of column runs.

Mathematical Model

A one-dimensional mathematical model was developed to si
late the biological and chemical processes occurring in the
umn. Neglecting biomass growth and decay, the stoichiometr
denitrification can be written as

5CH3CH2OH112H1112NO3
2

→10CO216N2121H2O (1)

Since an excess of ethanol was added to the column, and
amount of decrease of ethanol could not be attributed to p
denitrification alone, another reaction was simulated to acco
for the missing ethanol. The most suitable reaction in the abse
of other electron acceptors is a fermentation type reaction

Table 1. Summary of Experimental Runs

Column A Column B

Case I Without capsules With capsule
Without TCE Without TCE

Case II Without capsules With capsules
With TCE With TCE
NAL OF ENVIRONMENTAL ENGINEERING / DECEMBER 2002 / 1129
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CH3CH2OH→1.5CH410.5CO2 (2)

The reduction of nitrate to nitrogen gas results in an increas
the pH of the column. Although the production of CO2 from Eq.
~2! may cause a decrease in the pH, the effect of Eq.~1! on the pH
dominates the system.

The overall change in pH depends on the buffer capacity of
system. Because the sand used in this study had negligible b
capacity, the chemical equilibrium of the solution determines
overall change in pH. The following expressions describing
trate, phosphate, and carbonate equilibrium and water dissoci
were used in the model:

KNO3,15
@H1#@NO3

2#

@HNO3#
5100 (3)

KCO3,15
@H1#@HCO3

2#

@H2CO3* #
51026.3 (4)

KCO3,25
@H1#@CO3

22#

@HCO3
2#

510210.3 (5)

KPO4,15
@H1#@H2PO4

2#

@H3PO4#
51022.1 (6)

KPO4,25
@H1#@HPO4

22#

@H2PO4
2#

51027.2 (7)

KPO4,35
@H1#@PO4

32#

@HPO4
22#

510212.3 (8)

Kw5@H1#@OH2#510214 (9)

whereKi , j5 j th dissociation constant of thei th species; andKw

5equilibrium constant of water dissociation. Values for the d
sociation constants were obtained from Snoeyink and Jen
~1980!. Because the model for the system accounts for
changes and involves ionic species, the net sum of all cationic
anionic charges at every point in the system is zero. The for
tion of complexes in solution can be neglected because of
trace amounts of metal cations in the system. Thus, the ele
neutrality condition can be expressed as

@H1#1@K1#5@OH2#1@HCO3
2#12@CO3

22#1@H2PO4
2#

12@HPO4
22#13@PO4

32#1@NO3
2# (10)

Transport of the various speciesj through the column was
described as follows:

]Cj

]t
1u

]Cj

]x
5D

]2Cj

]x2 1Rj (11)

where Cj5concentration of thej th species~M/L3!; u5 linear
water velocity through the column~L/T!; x5axial distance along
the column~L!; D5dispersion coefficient~L2/T!; andRj5rate of
production of speciesj ~M/L3T!. The subscriptj represents the
following chemical species: K1, CH3CH2OH, total nitrate spe-
cies (@HNO3#1@NO3

2#), total phosphate species (@H3PO4#
1@H2PO4

2#1@HPO4
22#1@PO4

32#), and total carbonate specie
(@H2CO3* #1@HCO3

2#1@CO3
22#). A mass balance on TCE wa

not included in the model because the degradation of TCE
not detected during the second column run~Case II!.

The following expression is used to describe the rate of enc
sulated buffer core release in the wells:
1130 / JOURNAL OF ENVIRONMENTAL ENGINEERING / DECEMBER 200
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dCK1

dt
5RK1 (12)

dCT,PO4

dt
5RCT,PO4

5
MWH2PO

4
2

MWK1
RK1 (13)

Because the encapsulated buffer was added in stationary w
and did not move as the water flowed through the wells, Eqs.~12!
and ~13! are only valid at each well location.

In-depth biological studies~e.g., microcosm studies! to deter-
mine the rates of the microbially-mediated reactions@Eqs.~1! and
~2!# were not performed. Thus, Eqs.~1! and~2! were assumed to
be nitrate limited and ethanol limited, respectively, with their de
radation rate defined by the following bulk first-order kinetic e
pressions:

RNO3
52kNO3

CNO3
(14)

RCH3CH2OH,252kCH3CH2OHCCH3CH2OH (15)

wherekNO3
and kCH3CH2OH5first order reaction rate coefficient

of nitrate and ethanol, respectively (1/T). Bulk kinetic expres-
sions were used instead of a biofilm model to simplify the mo
eling approach. Spatial variations of the micro-organism popu
tion that mediate the two reactions could occur as a resul
differing redox conditions along the column. These variations
neglected because most of the modeling results focus on the
umn effluent quality. From Eqs.~1! and ~2!, the overall rate of
ethanol degradation and total carbonate production~from carbon
dioxide production! can be written as

RCH3CH2OH5RCH3CH2OH,11RCH3CH2OH,2

52
5

12

MWCH3CH2OH

MWNO3

kNO3
CNO3

2kCH3CH2OHCCH3CH2OH (16)

RCO3
5

10

12

MWCO2

MWNO3

kNO3
CNO3

10.5kCH3CH2OHCCH3CH2OH (17)

Eqs.~3!–~14!, ~16!, and~17! represent the overall mathemat
cal model for the sand column. The control volume method w
used to solve the system of equations where the space do
was divided into 340 nonoverlapping uniform control volume
The equations were integrated over each control volume at e
time step and piecewise profiles expressing the concentra
variation between the control volumes were used to evaluate
required integrals~Patankar 1980!. An implicit time stepping
scheme with a time step of 100 s was used to integrate the sy
of equations over time. Iterative procedures were performed
cause various terms in the system of equations are interdepen
~e.g., pH!. The initial and boundary conditions necessary to so
the model are

Cj5Cj 0 at t50 (18)

Cj5Cj , inf at x50 (19)

dCj

dx
50 at x5L (20)
2



Fig. 2. Representative experiments showing encapsulated buffer core release at various pH values~Vanukuru 1998!, data were fit with first-order
kinetic constant@see Eq.~21!#
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where Cj 05 initial concentration of thej th species; andCj , inf

5concentration of thej th species in the column influent. Th
initial conditions were taken to be the conditions in the colum
after 4 and 6 days for Cases I and II, respectively. These d
represent the time when microcapsules were added in the we
Column B. The influent conditions to the column during tim
where data were unavailable were obtained through paraboli
terpolation from the available data. The algorithm produces m
balance errors that are less than 1%.

Results and Discussion

The rate of release of the encapsulated buffer core was ass
to follow first-order kinetics,

dMc

dt
52aMc (21)

whereMc5mass of the KH2PO4 core; anda5first order kinetic
constant. Fig. 2 shows the mass of potassium released~normal-
ized to the total mass of potassium! for various pH levels and the
first-order kinetic model fit. Overall, the model fit the data qu
well at low pH values where the primary core release mechan
is diffusion through the encapsulated buffer wall. At higher v
ues, where the primary release mechanism is wall erosion
core dissolution, the model fit is not as good compared to
JOUR
s
f
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d

d

lower pH. Future studies should evaluate the accuracy of
model predictions using a stochastic approach. Knowinga, Eq.
~12! can be rewritten as

RK15a
Mc•MWK

MWKH2PO4
•Vwell«

(22)

whereVwell5volume of the well~L3!; and«5porosity of the sand
column ~2!.

Fig. 3 shows the variation of the first-order kinetic constant
a function of pH. The pa values decrease at higher pH values~or
a increases with pH!, and this relationship can be described b

pa52 loga520.251
2.83

11expS pH27.97

0.36 D (23)

At high pH values, the encapsulated buffer will release more m
of the phosphate core to attempt to bring the pH of the sys
down. As the pH decreases in the system, the rate at which
phosphate core is released will also be lowered. Thus, the en
sulated buffer serves as a proportional pH controller where
rate of acid release is self adjusting.

Tracer tests were performed to characterize the hydrodynam
in the columns. 10 mL of a blue dye was injected into the c
umns over a period of 17 min, and the absorbance of the dy
the effluent was monitored. Fig. 4 shows the residence time
NAL OF ENVIRONMENTAL ENGINEERING / DECEMBER 2002 / 1131
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tribution functionEt and the data fit using a plug flow model wit
dispersion. The dispersion numbers were 1.731022 and
6.431023 for Columns A and B, respectively, both indicating
small deviation from plug flow~Levenspeil 1993!. Using physical
parameters directly measured from the experiments~i.e., flowrate,
column length, porosity, and cross-sectional area!, the
dispersion coefficients were calculated to be 2.231028 and
8.031029 m2/s in Columns A and B, respectively. Although ca
was taken to ensure packing of the column material would
similar, differences in dispersion coefficient could be due to sli
differences in packing between columns. Table 2 shows a s
mary of the physical parameters used in the model.

Fig. 3. Variation of dissolution rate kinetic constant@expressed as
2 log(a)] with pH
1132 / JOURNAL OF ENVIRONMENTAL ENGINEERING / DECEMBER 200
-

To estimate the biokinetic parameterskNO3
andkCH3CH2OH for

each column run, the model was fit to the pH and ethanol data
the columns without the encapsulated buffer~i.e., Column A!. pH
was selected rather than nitrate as the fitting parameter bec
the nitrate levels in the column effluent were close to zero and
rise in pH is related to the extent of denitrification in the syste
The sum of the squares of the differences between the m
output and the data@i.e., sum of squares of errors~SSE!# was
minimized by varyingkNO3

between 1026 and 1022 s21 and
kCH3CH2OH between 1026 and 1023 s21. The approach taken in
this study was to obtain two sets of kinetic parameters from
ethanol and pH data of Column A for Cases I and II. The SSE
each case was calculated by normalizing to the average da
follows:

SSE5( F S CCH3CH2OH,model2CCH3CH2OH,data

C̄CH3CH2OH,data
D 2

1S pHmodel2pHdata

pH̄data
D 2G (24)

where CCH3CH2OH,model, CCH3CH2OH,data, and C̄CH3CH2OH,data

5model output, experimental data, and average concentra

Table 2. Physical Parameters Used in This Model

Physical parameters Column A Column

Length of ColumnL ~cm! 34 34

Flow RateQ ~mL/min! 0.48 0.42

Column inner radiusR ~cm! 4.0 4.0

Detention timet ~h! 24.4 25.6

Dispersion coefficientD ~m2/s! 2.231028 8.031029

Porosity of sand« ~2! 0.41 0.38
Linear velocity u~m/s! 3.931026 3.731026
d
Fig. 4. Tracer fit of~a! biologically active column without encapsulated buffer~Column A!, and~b! biologically active column with encapsulate
buffer ~Column B!
2



Fig. 5. Experimental data and model fit for~a! ethanol and~b! pH, and experimental data and model results for~c! phosphate and~d! nitrate for
biologically active column without addition of encapsulated buffers and trichloroethylene~Column A, Case I!
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respectively, of ethanol in the column effluent; and pHmodel,
pHdata, andpHdata5model output, experimental data, and avera
experimental data, respectively, of the effluent column pH. N
malizing to the average value scaled the magnitude of the er
such that the differences in pH and ethanol are comparable. U
these kinetic parameters, the performance of Column B for C
I and II was predicted.

Figs. 5 and 6 show the experimental data for Column A
Cases I and II, respectively. In both cases, a decrease in eth
concentration was detected in the effluent of the column, with
ethanol removal efficiency~based on the average of the influe
and effluent! of 69 and 52% for Cases I and II, respectively. Wi
the exception of a few data points, the nitrate concentration in
effluent was always less than 1 mg/L, indicating essentially co
plete denitrification within the column. The average nitrate
moval efficiency~based on the average of the influent and effl
ent! in the column was 99.5 and 99.1% for Cases I and
respectively. This indicates that denitrification was not impac
by the presence of TCE in the column influent. The denitrificat
within the column resulted in a 2.0 and 1.0 pH unit increase in
effluent. There was a lower rise in the pH for Case II becaus
the overall lower values of influent nitrate into the column.

Since Column A did not have any encapsulated buffer adde
the column, the phosphate concentration in the effluent shoul
equal to the influent levels. There was less variability in the
fluent phosphate levels in Case I compared to the influent lev
particularly in the first half of the column run. An analysis
JOUR
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variance~Neter et al. 1990! test shows that the phosphate leve
in the influent (133641) are significantly higher than the effluen
(114621 mg/L) (p50.017). It is possible that the decrease
variability and levels may be caused by interactions~e.g., ion
exchange! between the phosphate in solution and the constitue
in the column~e.g., biomass! or precipitation caused by the highe
pH in column.

The model fit to the data is also shown in Figs. 5 and 6. F
both Case I and II, the values forkNO3

and kCH3CH2OH were
331024 and 531026 s21, respectively. Thus, the presence
0.2–1.5 mg/L of TCE in Case II did not affect the denitrificatio
and ethanol degradation rates. The model was able to reason
fit the ethanol data. When fitting the model to the pH and etha
data, the model results are consistent with the low effluent nit
levels ~,1 mg/L! observed during the study. Because phosph
was modeled without any reactions and the tracer study sho
that the column behaved very close to a plug-flow reactor,
model shows that effluent phosphate should be almost a mirro
the influent phosphate but with a time delay equal to the deten
time in the column. However, as discussed earlier, interacti
between the phosphate and the column constituents may
caused this discrepancy.

Although the model generally followed the same pH trends
the experiment where the effluent levels are higher than the in
ent, the model fit to the pH data was fair. In Case I, the fit w
generally lower than the data. Although increasing the exten
denitrification ~hence increasingkNO3

) could theoretically in-
NAL OF ENVIRONMENTAL ENGINEERING / DECEMBER 2002 / 1133



Fig. 6. Experimental data and model fit for~a! ethanol and~b! pH, and experimental data and model results for~c! phosphate and~d! nitrate for
biologically active column without the addition of encapsulated buffers but with addition of trichloroethylene~Column A, Case II!
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crease the pH to improve the model fit to the pH data, the imp
is small because the effluent nitrate levels are already less th
mg/L. It would be possible to increase the pH by decreas
kCH3CH2OH and hence decreasing CO2 production. However, this
would result in an increase in the ethanol levels and in a hig
error that the minimum obtained with Eq.~24!. In Case II, diffi-
culties were encountered in controlling the influent pH and nitr
levels to the column. The variability in influent pH is associat
with the low feed phosphate levels that resulted in a low influ
buffer capacity. Denitrification in the feed tanks, indicated
varying nitrate levels in the influent~most likely due to some
biomass growth in the tank and tubing!, may have caused a
increase in the influent pH.

The difficulties encountered in fitting the model to the da
indicate that the model assumptions must be revised to accur
describe the microbiology and solution chemistry of the syst
and subsequently improve the model fit. Possible revisions to
model include using a biological mechanism different from E
~2! that would account for a decrease in the ethanol levels in
system, accounting for cell synthesis and cell decay, and acco
ing for gas-phase carbon dioxide equilibrium. Although some
these revisions were explored, these were not incorporated in
model because of the lack of appropriate data~e.g., yield coeffi-
cients and measurements to verify the second reaction mecha
@i.e., Eq.~2!#!.

The kinetic parameters obtained from Column A were used
predict the performance of Column B. Since the primary diff
1134 / JOURNAL OF ENVIRONMENTAL ENGINEERING / DECEMBER 200
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ence of Column A and Column B was the presence of the enc
sulated buffer, it was expected that the pH in Column B would
controlled closer to neutrality when the base neutralization cap
ity of the microcapsules was not exhausted. The primary assu
tion in this prediction approach is that the kinetic parameters
not significantly impacted by the pH change in the column. T
assumption is based on observations in earlier studies that sho
the extent of denitrification to be similar in systems with a
without an encapsulated buffer~Vanukuru et al. 1998; Rust et a
2000; Rust et al. 2002!.

Figs. 7 and 8 show the experimental data for Column B
Cases I and II, respectively. Similar to Column A, denitrificati
was essentially complete in Column B, with an average nitr
removal efficiency of 97 and 99.7% for Cases I and II, resp
tively. The average ethanol removal efficiency was 69% for C
I, which is essentially the same for Column A. The improveme
in ethanol removal efficiency observed for Case II~573%! com-
pared to Column A, Case II~552%! could be due to possible
microbial phosphate nutrient limitation in Column A. Phospha
nutrient limitations were precluded from Column B because
was added to the column during the release of the encapsu
buffer contents.

The effluent pH from Column B was 8.7 on Day 0 when 5 g of
the encapsulated buffer were added to each of the three w
@Case I, see Fig. 7~b!#. The high pH values due by denitrificatio
caused the polymer coating of the encapsulated buffer to diss
rapidly @see Fig. 2~d! and Fig. 3#, releasing the acidic phospha
2



Fig. 7. Experimental data and model predictions for~a! ethanol,~b! pH, ~c! phosphate, and~d! nitrate for biologically active column with
addition of encapsulated buffers but without addition of trichloroethylene~Column B, Case I!
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core into solution. The pH of the effluent dropped to 6.8 1 d
after the addition of the encapsulated buffer, and a correspon
rapid increase in the phosphate levels was also observed@see Fig.
7~c!#. A gradual increase in the pH and decrease in phosphate
observed and, after 30 days of operation, the pH was still v
close to neutral~57.4!. Similar conclusions may be deduced fro
the pH and phosphate data of Case II@see Figs. 8~b! and~c!#. The
low buffer capacity of the influent feed would lead one to exp
that the effluent pH would be higher than the influent pH@as in
Fig. 6~b!#. However, the addition of 3 g of encapsulated buffe
resulted in the release of the phosphate core and pH levels tha
closer to neutrality.

The tendency for an increase in pH due to the continu
denitrification occurring in the column is balanced by a cor
sponding release in the encapsulated buffer contents to dec
the pH. However, as the encapsulated buffer releases the a
phosphate core, the base neutralizing capacity of the micro
sules is depleted and eventually exhausted. This is illustrate
Fig. 9 for a theoretical scenario. Without the encapsulated bu
the pH profiles increase with distance along the columnt
50 days). 10 days after the encapsulated buffer is inserted
the wells, the phosphate level increases and the pH decreases
points where sudden changes in the profile are observed occ
the microcapsule wells. These profiles change with time as
base neutralizing capacity of the encapsulated buffer is deple
Ultimately, the profiles are similar to the case where no mic
capsules are present.
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The model predictions of the performance of Column B a
also shown in Figs. 7 and 8. Despite the limitations discus
earlier regarding the model fit to the data for Column A, t
model was able to predict the performance of Column B for C
I. Fig. 7 shows that the model correctly predicts the general tre
and magnitude of the change in ethanol, pH, phosphate, and
trate levels in the column effluent with time. However, the mod
fit to Case II was not as successful. The model correctly predic
the effluent ethanol levels for the first 15 days@see Fig. 8~a!# and
the effluent nitrate levels throughout the column run@see Fig.
8~d!#. After 15 days, the model underpredicted the ethanol
moval. This discrepancy could be caused by phosphate limitat
in Column A, Case II, which would mathematically translate to
low parameter estimate forkCH3CH2OH . Having a higher value for
kCH3CH2OH will not change the conclusion that the performance
Column A was not impacted by the presence of TCE.

Although it appears that the initial phosphate rise was overp
dicted @see Fig. 8~c!#, it is likely that a lack of data in the early
days of the column run was not able to capture the sharp in
phosphate peak. After this initial peak, the model was able
correctly predict the decline in phosphate levels with time. F
8~b! shows that the model was able to reasonably predict
effluent pH levels for the initial half of the column run. Howeve
when the base neutralizing capacity of the encapsulated bu
was depleted@as shown by the low effluent phosphate levels
Fig. 8~c! after 22 days#, the model predicted an effluent pH th
NAL OF ENVIRONMENTAL ENGINEERING / DECEMBER 2002 / 1135



itrate,
Fig. 8. Experimental data and model predictions for~a! ethanol,~b! pH, ~c! phosphate, and~d! nitrate for biologically active column with
addition of encapsulated buffers and trichloroethylene~Column B, Case II!

Fig. 9. Theoretical profiles of~a! pH and ~b! phosphate along column for constant influent pH of 6.4 and constant influent ethanol, n
carbonate, and phosphate concentrations of 115 mg/L~as total organic carbon!, 83, 1.5, and 140 mg/L, respectively, and with 5 g ofencapsulated
buffer inserted into each well; influent conditions correspond to average influent levels for Fig. 7.
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was similar to effluent levels observed in Fig. 6~c!. This discrep-
ancy is caused by the model’s underestimation of the increas
the rate of ethanol degradation during the latter half of the colu
run. This rate increase caused the formation of acid equival
~in the form of carbon dioxide! that resulted in an observed p
drop. The low influent buffer capacity makes pH prediction in t
system more sensitive to the assumed biological mechani
particularly the amount of carbon dioxide formation. Thus,
more accurate description of the physical system is neede
improve the model predictions.

Conclusions

Denitrification in sand column experiments resulted in an incre
in the pH of the effluent from the column. The insertion of e
capsulated buffers at three locations along the column resulte
a decrease in the effluent pH through the controlled release o
acidic phosphate buffer core. A one-dimensional model of
sand column was developed that reasonably predicted the re
of the encapsulated buffer core and performance of the enca
lated buffer for controlling pH.

Under the conditions and range of pH values that were
served in this study, the rate of denitrification was not sensitiv
pH. Thus, the addition of the encapsulated buffer for pH con
did not provide a tangible benefit for the system. This does
preclude the utility of the encapsulated buffer because there
be applications where changes in pH may result in less than
timum conditions and may negatively impact the overall goals
the process. For example, researchers have investigated the
zero-valent metals to induce the in situ remediation of halo
nated organic compounds~e.g., Matheson and Tratnyek 199
Warren et al. 1995; Schlimm and Heitz 1996; Siantar et al. 19!.
The corrosion of the metal releases electrons that induce th
duction of the halogenated compound, and the pH rises as
reaction proceeds~Matheson and Tratnyek 1994!. This rise in pH
is disadvantageous because the kinetics of reduction of the c
pounds are faster at lower pH values where metal corrosio
enhanced. Thus, it is conceivable that an encapsulated buffer
be used to control the pH to a desirable level.

The effective lifetime of the encapsulated buffer capsule
determined by exposure to high pH conditions@see Figs. 7~c! and
8~c!# and by the diffusion of the contents through the capsule w
at a low pH@see Fig. 2~a!#. Hence, this study shows the effectiv
life of the encapsulated buffer to be limited to several wee
Thus, for practical application at a full scale, the manufacture
the encapsulated buffer has to be redesigned to release the b
core contents over at least several months. Once the kinetic
release of the redesigned encapsulated buffer and the site c
tions are characterized, the modeling approach illustrated in
paper can be used to evaluate the theoretical effectiveness o
encapsulated buffer in controlling the pH. Most importantly, b
cause implementation of the technology would require the in
duction of the encapsulated buffer as a point source, the mode
approach should be expanded to at least two dimensions to e
ate the region of effectiveness of the capsule and design the p
of encapsulated buffer injection.
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Notation

The following symbols are used in this paper:
Cj 5 concentration of speciesj;

Cj , inf 5 influent concentration of speciesj;
Cj ,0 5 initial concentration of speciesj;
CT, j 5 total concentration of speciesj;

D 5 dispersion coefficient;
@ j# 5 molar concentration of speciesj;

Ki , j 5 j th dissociation constant ofi th species;
Kw 5 equilibrium constant of water dissociation;
kj 5 first-order reaction rate constant for species

j;
L 5 length of sand column;

Mc 5 mass of encapsulated buffer core;
MW j 5 molecular weight of speciesj;

Q 5 flow rate in column;
R 5 radius of sand column;

Ri 5 rate of production of speciesi;
Ri , j 5 rate of production of speciesi for reactionj;
SSE 5 sum of squares of errors;

t 5 time;
u 5 linear water velocity through

column5Q/«pR2;
Vwell 5 volume of well;

x 5 axial distance along column;
a 5 first order kinetic constant for release rate of

encapsulated buffer core; and
« 5 porosity of sand column.
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