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Abstract: A one-dimensional mathematical model was developed to simulate pH control using an encapsulated phosphate buffer during
denitrification in a sand column. The parameters required for the model were obtained from direct physical measurement, from a trace
study to characterize the dispersion coefficient in the column, and from batch experiments designed to obtain an empirical expressio
describing the variation of the first-order rate constant for the encapsulated buffer core release with pH. First-order kinetic constants
describing the rates of denitrification and ethanol biodegradation were obtained by fitting the model to column runs without the encap-
sulated buffer. With these parameters, the model was subsequently used to predict the performance of column runs containing th
encapsulated buffer. Since denitrification was essentially complete in the sand columns, an increase in the effluent pH was observed. Th
pH increase was counteracted by the controlled release of the acidic core of the encapsulated buffers added in the columns. The moc
reasonably predicted the release of the encapsulated buffer core and the performance of the encapsulated buffer for controlling pH in tt
column.
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Introduction The encapsulated buffer can potentially be delivered through in-
jection wells and left in the well without the need for additional
Maintenance of a process in an optimum pH range can be a pre-equipment.
requisite to the effectiveness of numerous chemical and biological ~ Rust et al.(2002 demonstrated that the encapsulated buffers
processes in environmental engineering. For example, it has beerre effective in controlling the pH in sand columns with an active
shown that the effectiveness of bioremediation is impacted by pH denitrifying population. During denitrification, the reduction of
(Goodwin et al. 1988; Reardon and Bailey 1989; Albrechtsen hitrate to nitrogen gas increases the effluent pH from the column.
1994). It has also been shown that the rate of reduction of halo- After the injection of encapsulated buffers in the column, the high
genated compounds by zero-valent metals is faster at a lower pHPH dissolves the polymer wall and releases the phosphate buffer
(Matheson and Tratnyek 1994Controlling the pH in an in situ  to decrease the pH. In this study, a mathematical model for the
remediation scenario by pumping acids or bases through wells orsand column is developed to understand the pH control mecha-
infiltration galleries may be technically difficult and capital inten- nisms that occur in the column.
sive. A promising method of effectively controlling the pH in an Numerous one-dimensional advection—dispersion models
in situ remediation scenario is through the use of encapsulatedsimulating chemical equilibrium, chemical reactions, and the
buffers. Vanukuru et al(1998 used encapsulated buffers com- transport and fate of chemicgl species have been reported in the
prised of an acidic phosphate core and a pH sensitive p0|ymerliterature(Furrer et al. 1996; Baerman et al. 1999; von Gunten
wall that dissolves in solutions with a pH greater than 7.0. The and Furrer 2000 Some models have also accounted for the pH
wall dissolves faster at a higher pH, hence releasing more of thechanges in a syste@ppelo 1994; Haran et al. 1997; Choi et al.

acidic core contents to reduce the pH of the surrounding solution. 1998. Some commercial and public domain models are available
that calculate geochemical speciation and are commonly based on

the assumption that local chemical equilibrium and thermody-
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Fig. 1. Schematic of flow-through sand column showing location of wells containing encapsulated buffer

ics of release of the encapsulated buffer core. The parameters In the first and second column runs, a biologically active col-
required for the model were obtained from previous experiments, umn without encapsulated buffer, a biologically active column
and the model predictions of the performance of the encapsulatedwyith encapsulated buffer, and an abiotic column were operated.
buffer in controlling the pH in the column were evaluated. The The major difference between column runs is that trichloroethyl-
modeling approach could potentially be extended to two or three ene (TCE) was added in the second column run to evaluate si-
dimensions and used in remediation applications where pH con-myitaneous denitrification and degradation of TCE within the col-
trol is desirable. umn, and that the influent phosphate levels in the second column
speciation run were decreased significantly. The TCE measured in the col-
umn influent ranged from 0.2 to 1.5 mg/L in the experiments due
to the volatile nature of TCE. Denitrification was not observed in
the abiotic control column. Models were developed for the bio-
. . . . .logically active columns in the study. In this manuscript, Columns
The experiments in the succeeding paragraphs are described i\ and B refer to the columns without and with encapsulated

?zeotg”a_Ir,lo\:igﬁglr;eitezg(}: ?)?ef?jzztcgi)(:gg o??r?e E:jesvti oeutsa\:\./ork buffer addi_tion, respectiv_e_ly. Cases | and Il refer to the first col-

is outlined. umn run without the addition of TCE and the second column run
with the addition of TCE, respectively. For Column B, 5 and 3 g
of encapsulated buffer were added in each well for Cases | and Il,

Characterization of Encapsulated Buffer respectively. Table 1 shows a summary of the experimental matrix

The encapsulated buffer used in this study is in microcapsule Of column runs.

form (=0.5—-2 mm in diametg¢rcomposed of an acidic phosphate

core (KH,PQ,) coated with a methacrylic acid copolymer

(Eudragit™ S-100, Rohm America Inc., Piscataway, N.The Mathematical Model
mass ratio between the phosphate core and the polymer coating is

7:3. At a solution pH greater than 7.0, the polymer dissolves and a one-dimensional mathematical model was developed to simu-
releases the acidic core. The release of the core contents of thg,ie the biological and chemical processes occurring in the col-

encapsulated buffer was characterized in batch studies at different, Neglecting biomass growth and decay, the stoichiometry of
constant pH values ranging from 6 to 9. Previously, a model was yanitrification can be written as ’

developed that described the kinetics of release of the buffer core

Materials and Methods

using Monte Carlo methodévanukuru et al. 1998 However, 5CH;CH,OH+ 12H"+ 12NG;

incorporating this stochastic approach into a model for a sand

column is computationally intensive. Thus, a deterministic model —10CG,+6N,+21H,0 Q

was developed to fit the experimental data and obtain a new set of

kinetic parameters. Since an excess of ethanol was added to the column, and the

amount of decrease of ethanol could not be attributed to pure
denitrification alone, another reaction was simulated to account
for the missing ethanol. The most suitable reaction in the absence
Fig. 1 shows a schematic of the glass column used to test theof other electron acceptors is a fermentation type reaction
capacity of the encapsulated buffer in controlling pH in a flow-

through scenario. Denitrification occurred in the column using

ethanol as the electron donor and carbon source. Three miniature

wells were installed at different points along the column to hold

the encapsulated buffer, and equal masses of encapsulated buffefapie 1. Summary of Experimental Runs

were added to each of these three wells. The column was fed by

Sand Column Experiments

timed peristaltic pumps, which provided intermittent flow from Column A Column B

one feed reservoir at a cycldé 6 s on and 54 s off. The pH and Case | Without capsules With capsules

concentration of the ethanfsleported as total organic carbon dur- Without TCE Without TCE

ing the first column run and subsequently as ethanol during the i )

second column rul phosphate, nitrate—nitrogen, and total inor- ©25¢ ! Without capsules With capsules
With TCE With TCE

ganic carbon in both the influent and effluent were monitored.
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CH3CH,0H—1.5CH,+0.5CG, 2 dCg+ R 12)
—f —Ry-
The reduction of nitrate to nitrogen gas results in an increase in dt
the pH of the column. Although the production of €®om Eq. qc MW o
(2) may cause a decrease in the pH, the effect of(Bepn the pH TPO R _ H,PO, . (13)
dominates the system. dt Crro, MWy+ K

The overall change in pH depends on the buffer capacity of the . .
system. Because the sand used in this study had negligible buffeP€cause the encapsulated buffer was added in stationary wells
capacity, the chemical equilibrium of the solution determines the @nd did not move as the water flowed through the wells, Ed.
overall change in pH. The following expressions describing ni- @nd(13) are only valid at each well location.

trate, phosphate, and carbonate equilibrium and water dissociation _ 'n-depth biological studiege.g., microcosm studigso deter-
were used in the model: mine the rates of the microbially-mediated reactipgs.(1) and

(2)] were not performed. Thus, Eqd) and(2) were assumed to

[H"][NO; ] be nitrate limited and ethanol limited, respectively, with their deg-
NO; 17 TTHNOS] =10 @) radation rate defined by the following bulk first-order kinetic ex-
pressions:
_[HNHCO: ] e Rno.= — kno.C 14
Kco,1= W—m (4) No,= ~ Kno,Cno, (14)
) [H*][COZ ] 1o 109 - Re,ch,0H,2= ~ Keh,cH,oHC cH,cH,0H (15)
“%2" [HCO; ] wherekyo, and kep,cp,on=first order reaction rate coefficients
[H*][H,PO; ] of nitrate and ethanol, respectively T}/ Bulk kinetic expres-
0. 1= L 021 (6) sions were used instead of a biofilm model to simplify the mod-
& [H3POy] eling approach. Spatial variations of the micro-organism popula-
H* THPCZ- tion that mediate the two reactions could occur as a result of
b0, 2= [HTL % —10"72 @) differing redox conditions along the column. These variations are
i [HPO, ] neglected because most of the modeling results focus on the col-
N _ umn effluent quality. From Eqg1) and (2), the overall rate of
Ko [H][PG;"] 10123 ®) ethanol degradation and total carbonate produdtimm carbon
PO,3 [HPO; ] dioxide productioi can be written as
Kw=[H*][OH ]=10"* 9) Ren,ch,on= Rerycnyomn1t Rengem,om,2

whereK; ;=jth dissociation constant of th¢h species; an&,, 5 MW choom
3 2

= equilibrium constant of water dissociation. Values for the dis- = =% kw.Cno
sociation constants were obtained from Snoeyink and Jenkins 12 IV|WN03 3 s
(1980. Because the model for the system accounts for pH
changes and involves ionic species, the net sum of all cationic and — Ken,cr,0HC chycH,0H (16)
anionic charges at every point in the system is zero. The forma-
tion of complexes in solution can be neglected because of the 10 MWcq,
trace amounts of metal cations in the system. Thus, the electro- Reo,= 12 MW o, no,Cno,
neutrality condition can be expressed as °
[HT]+[K*]=[OH ]+[HCO; ]+2[CO5 ]+[H,PO; ] *0enen,onCenyoyon 7

Egs.(3)—(14), (16), and(17) represent the overall mathemati-
cal model for the sand column. The control volume method was
used to solve the system of equations where the space domain
was divided into 340 nonoverlapping uniform control volumes.
The equations were integrated over each control volume at each
time step and piecewise profiles expressing the concentration
variation between the control volumes were used to evaluate the
required integrals(Patankar 1980 An implicit time stepping
scheme with a time step of 100 s was used to integrate the system
of equations over time. Iterative procedures were performed be-

+2[HPC; 1+3[PC; ]+[NO; ] (10)

Transport of the various specig¢sthrough the column was
described as follows:

9, %% _p
ot TUox T

9°C;
2 TR (11)

where C;= concentration of thejth species(M/L®); u=linear
water velocity through the colum(/T); x=axial distance along

the column(L); D =dispersion coefficient_%T); and R;=rate of
production of specie$ (M/L>T). The subscripj represents the
following chemical species: K, CH;CH,OH, total nitrate spe-

cause various terms in the system of equations are interdependent
(e.g., pH. The initial and boundary conditions necessary to solve
the model are

cies (HNO;]+[NO3]), total phosphate species/H;PO,]

+[H,PQ, ]+ [HPC, 1+[PQ; 1), and total carbonate species C;=Cjp att=0 (18)
([H2C0§]+[HCOST]+[CO§’]). A mass balance on TCE was
not included in the model because the degradation of TCE was Ci=Cjint atx=0 (29)
not detected during the second column f@ase ).

The following expression is used to describe the rate of encap- ﬁ —0 atx=L (20)
sulated buffer core release in the wells: dx
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Fig. 2. Representative experiments showing encapsulated buffer core release at various pkVaalulesgu 1998 data were fit with first-order

kinetic constanfsee Eq.(21)]

where Cj,=initial concentration of thejth species; andC; iy

=concentration of thgth species in the column influent. The
initial conditions were taken to be the conditions in the column (12) can be rewritten as

lower pH. Future studies should evaluate the accuracy of the
model predictions using a stochastic approach. Knowindeq.

after 4 and 6 days for Cases | and I, respectively. These days

represent the time when microcapsules were added in the wells of
Column B. The influent conditions to the column during times

where data were unavailable were obtained through parabolic in- 2 .
terpolation from the available data. The algorithm produces mass"/N€reVuei=volume of the wellL"); ande = porosity of the sand
balance errors that are less than 1%.

Results and Discussion

column(—).

RK+:(X

M- MWy

—_—— 22
MW,po,* Vwele (22)

Fig. 3 shows the variation of the first-order kinetic constant as
a function of pH. The @ values decrease at higher pH valdes
« increases with pH and this relationship can be described by

2.83
The rate of release of the encapsulated buffer core was assumed pa=—loga=—0.25+ PH—7.9 (23)
to follow first-order kinetics, 1+exp —=s—
. 0.36
dM , .
o —aM; (21) At high pH values, the encapsulated buffer will release more mass

of the phosphate core to attempt to bring the pH of the system

whereM .= mass of the KHPO, core; andx =first order kinetic down. As the pH decreases in the system, the rate at which the
constant. Fig. 2 shows the mass of potassium releasaunal- phosphate core is released will also be lowered. Thus, the encap-
ized to the total mass of potassiufor various pH levels and the  sulated buffer serves as a proportional pH controller where the
first-order kinetic model fit. Overall, the model fit the data quite rate of acid release is self adjusting.

well at low pH values where the primary core release mechanism  Tracer tests were performed to characterize the hydrodynamics
is diffusion through the encapsulated buffer wall. At higher val- in the columns. 10 mL of a blue dye was injected into the col-
ues, where the primary release mechanism is wall erosion andumns over a period of 17 min, and the absorbance of the dye in

core dissolution, the model fit is not as good compared to the the effluent was monitored. Fig. 4 shows the residence time dis-
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tribution functionE; and the data fit using a plug flow model with
dispersion. The dispersion numbers were X102 and
6.4x 102 for Columns A and B, respectively, both indicating a
small deviation from plug flowlLevenspeil 1998 Using physical
parameters directly measured from the experimérgs flowrate,
column length, porosity, and cross-sectional gredhe
dispersion coefficients were calculated to be>21® 8 and
8.0x 10~ m?/s in Columns A and B, respectively. Although care
was taken to ensure packing of the column material would be
similar, differences in dispersion coefficient could be due to slight

differences in packing between columns. Table 2 shows a sum-

mary of the physical parameters used in the model.
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Table 2. Physical Parameters Used in This Model

Physical parameters Column A Column B
Length of ColumnL (cm) 34 34

Flow RateQ (mL/min) 0.48 0.42
Column inner radiuRk (cm) 4.0 4.0
Detention timer (h) 24.4 25.6
Dispersion coefficienb (m?/s) 2.2x1078 8.0x107°
Porosity of sand: (—) 0.41 0.38
Linear velocity u(m/s) 3.9x10°° 3.7x10°®

To estimate the biokinetic parametdfgo, andKc,ch,on for
each column run, the model was fit to the pH and ethanol data for
the columns without the encapsulated bufiez., Column A. pH
was selected rather than nitrate as the fitting parameter because
the nitrate levels in the column effluent were close to zero and the
rise in pH is related to the extent of denitrification in the system.
The sum of the squares of the differences between the model
output and the datéi.e., sum of squares of erro(SSB]| was
minimized by varyingkyo, between 10° and 107 s™* and
Kenyon,on between 10° and 10° s~ The approach taken in
this study was to obtain two sets of kinetic parameters from the
ethanol and pH data of Column A for Cases | and Il. The SSE for
each case was calculated by normalizing to the average data as
follows:

2
Cch,cH,0H,moder™ CcH,CH,0H, datal
SSE= >,

|

where  Cch.chyom,model  CcrycHyor,data @NA Ceychyom,data
=model output, experimental data, and average concentration,

Cch,cH,0H,data

(24)

2
pHmodel_ pHdata)
pHdata

0.16
o151 (0) Column B & o daa
’ ——— model fit
0.12 4
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M 0.08
0.06 -
0.04 4
0.02 O
(o] 5 o
0-00 T ST T T T T
0 10 20 30 40 50
Time, hours

Fig. 4. Tracer fit of(a) biologically active column without encapsulated buff€olumn A), and(b) biologically active column with encapsulated

buffer (Column B
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Fig. 5. Experimental data and model fit f¢a) ethanol andb) pH, and experimental data and model results(@mphosphate an¢) nitrate for
biologically active column without addition of encapsulated buffers and trichloroethyteoiemn A, Case)l

respectively, of ethanol in the column effluent; and g, variance(Neter et al. 199Dtest shows that the phosphate levels
PHeatar andp_Hdata: model output, experimental data, and average in the influent (133 41) are significantly higher than the effluent
experimental data, respectively, of the effluent column pH. Nor- (114+21 mg/L) (p=0.017). It is possible that the decrease in
malizing to the average value scaled the magnitude of the errorsvariability and levels may be caused by interacti¢esy., ion
such that the differences in pH and ethanol are comparable. Usingexchanggbetween the phosphate in solution and the constituents
these kinetic parameters, the performance of Column B for Casesn the column(e.g., biomassor precipitation caused by the higher

| and Il was predicted. pH in column.

Figs. 5 and 6 show the experimental data for Column A for The model fit to the data is also shown in Figs. 5 and 6. For
Cases | and I, respectively. In both cases, a decrease in ethandpoth Case | and I, the values fdtyo, and ke cr,on Were
concentration was detected in the effluent of the column, with an 3x 10 * and 5<10 ® s™%, respectively. Thus, the presence of
ethanol removal efficiencybased on the average of the influent 0.2—1.5 mg/L of TCE in Case Il did not affect the denitrification
and effluent of 69 and 52% for Cases | and Il, respectively. With and ethanol degradation rates. The model was able to reasonably
the exception of a few data points, the nitrate concentration in the fit the ethanol data. When fitting the model to the pH and ethanol
effluent was always less than 1 mg/L, indicating essentially com- data, the model results are consistent with the low effluent nitrate
plete denitrification within the column. The average nitrate re- levels(<1 mg/L) observed during the study. Because phosphate
moval efficiency(based on the average of the influent and efflu- was modeled without any reactions and the tracer study showed
end in the column was 99.5 and 99.1% for Cases | and Il, that the column behaved very close to a plug-flow reactor, the
respectively. This indicates that denitrification was not impacted model shows that effluent phosphate should be almost a mirror of
by the presence of TCE in the column influent. The denitrification the influent phosphate but with a time delay equal to the detention
within the column resulted in a 2.0 and 1.0 pH unit increase in the time in the column. However, as discussed earlier, interactions
effluent. There was a lower rise in the pH for Case Il because of between the phosphate and the column constituents may have
the overall lower values of influent nitrate into the column. caused this discrepancy.

Since Column A did not have any encapsulated buffer added to  Although the model generally followed the same pH trends as
the column, the phosphate concentration in the effluent should bethe experiment where the effluent levels are higher than the influ-
equal to the influent levels. There was less variability in the ef- ent, the model fit to the pH data was fair. In Case I, the fit was
fluent phosphate levels in Case | compared to the influent levels,generally lower than the data. Although increasing the extent of
particularly in the first half of the column run. An analysis of denitrification (hence increasing<N03) could theoretically in-
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Fig. 6. Experimental data and model fit f¢a) ethanol andb) pH, and experimental data and model results(@mphosphate an¢) nitrate for
biologically active column without the addition of encapsulated buffers but with addition of trichloroethy@ehemn A, Case Il

crease the pH to improve the model fit to the pH data, the impact ence of Column A and Column B was the presence of the encap-
is small because the effluent nitrate levels are already less than kulated buffer, it was expected that the pH in Column B would be
mg/L. It would be possible to increase the pH by decreasing controlled closer to neutrality when the base neutralization capac-
Kehychyon @and hence decreasing ¢@roduction. However, this ity of the microcapsules was not exhausted. The primary assump-
would result in an increase in the ethanol levels and in a higher tion in this prediction approach is that the kinetic parameters are
error that the minimum obtained with E(R4). In Case I, diffi- not significantly impacted by the pH change in the column. This
culties were encountered in controlling the influent pH and nitrate assumption is based on observations in earlier studies that showed
levels to the column. The variability in influent pH is associated the extent of denitrification to be similar in systems with and
with the low feed phosphate levels that resulted in a low influent without an encapsulated buffévanukuru et al. 1998; Rust et al.
buffer capacity. Denitrification in the feed tanks, indicated by 2000; Rust et al. 2002

varying nitrate levels in the influenimost likely due to some Figs. 7 and 8 show the experimental data for Column B for
biomass growth in the tank and tubjpgnay have caused an Cases | and I, respectively. Similar to Column A, denitrification
increase in the influent pH. was essentially complete in Column B, with an average nitrate

The difficulties encountered in fitting the model to the data removal efficiency of 97 and 99.7% for Cases | and Il, respec-
indicate that the model assumptions must be revised to accuratelytively. The average ethanol removal efficiency was 69% for Case
describe the microbiology and solution chemistry of the system I, which is essentially the same for Column A. The improvement
and subsequently improve the model fit. Possible revisions to thein ethanol removal efficiency observed for Casé=73%) com-
model include using a biological mechanism different from Eq. pared to Column A, Case l=52%) could be due to possible
(2) that would account for a decrease in the ethanol levels in the microbial phosphate nutrient limitation in Column A. Phosphate
system, accounting for cell synthesis and cell decay, and accountnutrient limitations were precluded from Column B because it
ing for gas-phase carbon dioxide equilibrium. Although some of was added to the column during the release of the encapsulated
these revisions were explored, these were not incorporated in thebuffer contents.

model because of the lack of appropriate d&ay., yield coeffi- The effluent pH from Column B was 8.7 on Day 0 whg g of
cients and measurements to verify the second reaction mechanisnthe encapsulated buffer were added to each of the three wells
[i.e., Eq.(2)]. [Case |, see Fig.(B)]. The high pH values due by denitrification

The kinetic parameters obtained from Column A were used to caused the polymer coating of the encapsulated buffer to dissolve
predict the performance of Column B. Since the primary differ- rapidly [see Fig. 2d) and Fig. 3, releasing the acidic phosphate
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Fig. 7. Experimental data and model predictions fay ethanol,(b) pH, (c) phosphate, andd) nitrate for biologically active column with
addition of encapsulated buffers but without addition of trichloroethyl@wumn B, Case)l

core into solution. The pH of the effluent dropped to 6.8 1 day = The model predictions of the performance of Column B are
after the addition of the encapsulated buffer, and a correspondingalso shown in Figs. 7 and 8. Despite the limitations discussed
rapid increase in the phosphate levels was also obs¢seedrig. earlier regarding the model fit to the data for Column A, the
7(c)]. A gradual increase in the pH and decrease in phosphate wasnodel was able to predict the performance of Column B for Case
observed and, after 30 days of operation, the pH was still very |. Fig. 7 shows that the model correctly predicts the general trends
close to neutral=7.4). Similar conclusions may be deduced from  and magnitude of the change in ethanol, pH, phosphate, and ni-
the pH and phosphate data of Casgste Figs. &) and(c)]. The trate levels in the column effluent with time. However, the model
low buffer capacity of the influent feed would lead one to expect fit to Case Il was not as successful. The model correctly predicted
that the effluent pH would be higher than the influent [@s$ in  the effluent ethanol levels for the first 15 ddgse Fig. 8] and
Fig. 6(b)]. However, the additionfo3 g of encapsulated buffer  the effluent nitrate levels throughout the column fisee Fig.
resulted in the re_lease of the phosphate core and pH levels that arg(d)]. After 15 days, the model underpredicted the ethanol re-
closer to neutrality. _ , , moval. This discrepancy could be caused by phosphate limitations
The tendency for an increase in pH due to the continuous j, cojymn A, Case I, which would mathematically translate to a
denitrification occurring in the column is balanced by a corre- |, parameter estimate deCH3CHZOH- Having a higher value for

sponding release in the encapsulated buffer contents to decreas, . .
the pH. However, as the encapsulated buffer releases the acidic ©HsCH20H will not change the conclusion that the performance of

phosphate core, the base neutralizing capacity of the microcap-Column A was not impacted by the presence of TCE.

sules is depleted and eventually exhausted. This is illustrated in  Although it appears that the initial phosphate rise was overpre-
Fig. 9 for a theoretical scenario. Without the encapsulated buffer, dicted[see Fig. &)], it is likely that a lack of data in the early
the pH profiles increase with distance along the columin ( days of the column run was not able to capture the sharp initial
=0 days). 10 days after the encapsulated buffer is inserted intoPhosphate peak. After this initial peak, the model was able to
the wells, the phosphate level increases and the pH decreases. Theorrectly predict the decline in phosphate levels with time. Fig.
points where sudden changes in the profile are observed occur aB(b) shows that the model was able to reasonably predict the
the microcapsule wells. These profiles change with time as theeffluent pH levels for the initial half of the column run. However,
base neutralizing capacity of the encapsulated buffer is depletedwhen the base neutralizing capacity of the encapsulated buffer
Ultimately, the profiles are similar to the case where no micro- was depletedas shown by the low effluent phosphate levels in
capsules are present. Fig. 8(c) after 22 day§ the model predicted an effluent pH that
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Fig. 8. Experimental data and model predictions fay ethanol,(b) pH, (c) phosphate, andd) nitrate for biologically active column with
addition of encapsulated buffers and trichloroethylé@elumn B, Case )I
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Fig. 9. Theoretical profiles ofa) pH and(b) phosphate along column for constant influent pH of 6.4 and constant influent ethanol, nitrate,
carbonate, and phosphate concentrations of 115 ffag/total organic carbon83, 1.5, and 140 mg/L, respectively, andiwi 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 Figcg This discrep- fice of Environmental Management to the Center for Water Re-
ancy is caused by the model’'s underestimation of the increase insearch and Policy and the National Science Founddfdora,

the rate of ethanol degradation during the latter half of the column Grant No. BES-97333%7 Any opinions, findings, and conclu-
run. This rate increase caused the formation of acid equivalentssions or recommendations expressed in this manuscript are those
(in the form of carbon dioxidethat resulted in an observed pH of the writers and do not necessarily reflect the views of the
drop. The low influent buffer capacity makes pH prediction in the funding agency. Mention of any specific trade name does not
system more sensitive to the assumed biological mechanismsgconstitute endorsement of the product by the writers or the spon-
particularly the amount of carbon dioxide formation. Thus, a sors.

more accurate description of the physical system is needed to

improve the model predictions.

Notation

Conclusions The following symbols are used in this paper:

C; = concentration of specigs
Denitrification in sand column experiments resulted in an increase C,.inr = influent concentration of specigs
in the pH of the effluent from the column. The insertion of en- C;o = initial concentration of specigs
capsulated buffers at three locations along the column resulted in Cr; = total concentration of specigs
a decrease in the effluent pH through the controlled release of the D = dispersion coefficient;
acidic phosphate buffer core. A one-dimensional model of the [j] = molar concentration of specigs
sand column was developed that reasonably predicted the release Ki; = jth dissociation constant ath species;
of the encapsulated buffer core and performance of the encapsu- Kw = equilibrium constant of water dissociation;
lated buffer for controlling pH. k; = first-order reaction rate constant for species

Under the conditions and range of pH values that were ob- i

served in this study, the rate of denitrification was not sensitive to L = length of sand column;
pH. Thus, the addition of the encapsulated buffer for pH control M. = mass of encapsulated buffer core;
did not provide a tangible benefit for the system. This does not MW; = molecular weight of specigs
preclude the utility of the encapsulated buffer because there may Q = flow rate in column;
be applications where changes in pH may result in less than op- R = radius of sand column;
timum conditions and may negatively impact the overall goals of R; = rate of production of specids
the process. For example, researchers have investigated the use of Ri; = rate of production of specidsfor reaction;;
zero-valent metals to induce the in situ remediation of haloge- SSE = sum of squares of errors;
nated organic compound®.g., Matheson and Tratnyek 1994; t = time;
Warren et al. 1995; Schlimm and Heitz 1996; Siantar et al. 1996 u = linear water velocity through
The corrosion of the metal releases electrons that induce the re- column=Q/emR?;
duction of the halogenated compound, and the pH rises as the Vyer = volume of well;
reaction proceed@atheson and Tratnyek 1994This rise in pH x = axial distance along column;
is disadvantageous because the kinetics of reduction of the com- a = first order kinetic constant for release rate of
pounds are faster at lower pH values where metal corrosion is encapsulated buffer core; and
enhanced. Thus, it is conceivable that an encapsulated buffer may & = porosity of sand column.

be used to control the pH to a desirable level.

The effective lifetime of the encapsulated buffer capsule is
determined by exposure to high pH conditigsee Figs. &) and References
8(c)] and by the diffusion of the contents through the capsule wall
at a low pH[see Fig. 2a)]. Hence, this study shows the effective Albrechtsen, H.-J(1994. “Bacterial degradation under iron reducing
life of the encapsulated buffer to be limited to several weeks.  conditions.”Hydrocarbon bioremediatigrR. E. Hinchee, B. C. Alle-
Thus, for practical application at a full scale, the manufacture of ~ man, R. E. Hoeppel, and R. N. Miller, eds., Lewis, Boca Raton, Fla.,
the encapsulated buffer has to be redesigned to release the bUﬁ%IIigjr?_ﬁzsb Brown, D. S. and Novo-Gradac, K. 41991
core contents over at least several months. Once the kinetics of "~ » ~- == N SR P :
release of the redesigned encapsulated buffer and the site condi- V’;fé’:]‘;igtglzggggEES‘:/’E;SO%S?g{‘/%?i%alsasé‘saf&?ér':t];dslr;gfn'
tions are characterized, the modeling approach illustrated in this i h

. 8 tion Agency, Cincinnati.
paper can be used to evaluate the theoretical effectiveness of th%ppem, C. A. J(1994. “Cation and proton exchange, pH variations, and

encapsulated buffer in controlling the pH. Most importantly, be-  carbonate reactions in a freshening aquifeWater Resour. Res.,
cause implementation of the technology would require the intro-  30(10), 2793—2805.

duction of the encapsulated buffer as a point source, the modelingBaverman, C., Sinmberg, B., Moreno, L., and Neretnieks, (1999.
approach should be expanded to at least two dimensions to evalu- “CHEMFRONTS: A coupled geochemical and transport simulation

ate the region of effectiveness of the capsule and design the points tool.” J. Contam. Hydrol.36(3—4), 333—-351.
of encapsulated buffer injection. Choi, J., Hulseapple, S. M., Conklin, M. H., and Harvey, J.(1098.
“Modeling CO, degassing and pH in a stream-aquifer systeth.”
Hydrol., 209, 297-310.
Furrer, G., von Gunten, U., and Zobrist,(1996. “Steady-state model-
Acknowledgments ling of biogeochemical processes in columns with aquifer material: 1.
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