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Abstract—A smple mathematical model was proposed to analyze the enhancement of Cr(V1) reduction when sand
materids are added to the zero valent iron (ZV1). Natura decay of Cr(V1) in a control experiment was analyzed by
using azero-order decay reaction. Adsorption kinetics of Cr(V1) to sand was modeled as a first-order reversible process,
and the reduction rate by ZVI was treated as a first-order reaction. Naturd decay of Cr(VI) was dso included in other
experiments, i.e., the adsorption to sand, the reduction by ZV1, and both adsorption and reduction when sand and ZVI
are present together. The modd parameters were estimated by fitting the solution of each model to the corresponding
experimental data. To observe the effect of sand addition to ZV1, both adsorption and reduction rate models were con-
sidered smultaneoudly including the natural decay. The solution of the combined model was fitted to the experimenta
data to determine the first-order adsorption and reduction rate constants when sand as well as ZV1 is present. The first-
order reduction rate constant in the presence of sand was about 35 times higher than that with ZVI only.
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INTRODUCTION

Recently, permegble reactive barrier (PRB) technologies have
been studied as a means of remediating contaminated groundwa:
ter. Mediafor the PRBs are mainly zero vdent iron (ZV1), organo-
clays, naturd zedlites etc. PRB technology is a promisng environ-
mental remediaion technology with the merits of rdatively low
operating codts long-term usage, trestment of chlorinated toxic com-
pounds and various heavy matals, etc., and is currently being used
in the United States [Mcnab and Ruiz, 2000; Vogan et d., 1999;
Ludwig et d., 2002]. Among the barrier media, ZV1 is being used
mogt widely. Many works have been reported on the reductive de-
chlorination of the chlorinated organic solvent, but studies on the
trestment of heavy metals and inorganic compounds are very rare
[Matheson and Tratnyek, 1994; Helland et d., 1995; Johnson et
d., 1996; Mordeset d., 2002; Gu et d., 1998; Blowes et d., 2000;
Cantrdl e d., 1995]. Heavy metds like Cr, Ph, U, etc. were ssp-
arated and removed from the groundweter through reduction and
precipitation (i.e, reactive immobilization), instead of degrading
them completely. Usudly, the coating of byproducts reduced from
the metds to the surface of ZVI results in lowering of its surface
activity. Therefore, the prevention of surface deactivation of ZV1 is
aprerequisite for a widespread application of reactive barrier tech-
nologies Various techniques on regeneration of surface activity were
reported, such as acid washing and supersonic vibration [Hung and
Hoffmann, 1998], Kim &t d. [2002] invedtigated the Smultaneous
removd of Cr(VI) and CCl,, and reported an interesting result on
the effect of sand on the removd of Cr(V1). According to their re-
aullts, the removal efficiency after 48 hours greetly increased from
about 50% to 85% when sand was used together with the ZV1 in

"To whom correspondence should be addressed.
E-mail: disong@knu.ac.kr

67

reducing highly toxic Cr(VI) to lesstoxic Cr(111). They maintained
thet reduction product Cr(111) adsorbsto the sand which shows higher
sorption &ffinity than the ZVI, thusleaving alarge portion of active
Stesof the ZVI unblocked.

In this work, we propose smple mathemeaticd models for eech
experiment done by Kim et a. [2002], such as the control, adsorp-
tion to sand, reduction by ZV1, and both adsorption and reduction
by both ZVI and sand, and interpret the enhancement of Cr(V1) re-
moval efficiency by the ZVI when sand is present.

MATERIALSAND METHOD

The information required for the andyss is taken from Kim et
a. [2002]: the batch-type resctor has a volume of 250 mL and its
headspace volume was kept less than 1 mL. K,CrO, solution (39.8
mg/L) was used as asource of the Cr(V1) ion. Samples collected a
the predetermined time intervals were filtered through the nitrocd -
lulose membrane (pore size of 0.45um) and the pH of the filtrate
was maintained below 2 by usng HNO.. Diphenyl carbazide solu-
tion was employed to form acomplex with Cr(V1) and its concentra:
tion was andyzed a 542 nm with a UV spectrophotometer (8452A,
Hewlett Packard, USA). They carried out four-types of experiment,
measuring the solution concentration of Cr(V1) with time (i) acon-
trol experiment without the ZV1 and sand, (i) an adsorption kinetic
experiment with 40 g of sand (i.e, no separate adsorption equilib-
rium experiment was done), (iii) a reduction experiment with 20 g
of ZVI, and (iv) a reduction and adsorption experiment with 20g
of ZVI and 20 g of sand.

MODEL DEVELOPMENT

1. Natural Decay of Cr(VI1) in Control Experiment
Cr(VI) ion dissppeared from the solution without the presence
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of dther ZVI (i.e, reductant) or sand (i.e, adsorbent). The disgp-
pearance rate was assumed to be zero-order asfollows:
_de =ko; c=cyat c=0 @
dt 01 0
where k, denotes zero-order rate congant (mg L™ hrY), ¢, initid
concertration (=39.8 mg/L), and ¢, concentration of Cr(V1) ion a
timet. The solution of the above differentia equation is

ct)=c—kit @
where k, was estimated by curve fitting to the data of control ex-
periment.

2. Adsorption of Cr(VI) to Sand

Adsorption rate of Cr(V1) to sand was assumed to be firgt order
and reversble [Song, 1996]. Zero-order naturd decay of Cr(VI1)
was a0 assumed to occur smultaneoudy with the adsorption pro-
cess. The disappearance rate of Cr(VI) from the solution was ob-
tained under the assumption thet the two processes were occurring

independently.

—z—f—k (c—co) tko; c=coat=0 3
where kX and ¢, are the firgt-order adsorption rate congtant (hr) and
equilibrium solution concentration (mg/L) of Cr(V1), respectively.
Thesolutionto Eq. (3) is
—K%t kg k Ce (1 efkgt) (4)
where ¢, and K were determined by fitting Eg. (4) to the experimen-
td data.

3. Reduction of Cr(VI) by ZVI

Reduction rate of Cr(VI) was assumed to be fird-order and ir-
reversble, and naturd decay of Cr(V1) was dso assumed to occur
smultaneoudy with the reduction. The disgppearance rate of Cr(V1)
from the solution was obtained by combining both reduction and
neturd decay rates as was done in the adsorption to sand.

_dc
dt

c(t) =c,e

=KreC +Ko; C=Coat =0 ®

where k%, represents firg-order reduction rate congtant (hr™) and
can be edimated by fitting Eq. (6) (the solution to Eq. (5)) to the
experimenta data.

ot) =coe " - lf—o"(l—e’kze‘) ©)
4. Reduction of Cr(VI) by ZVI with the Presence of Sand

The adsorption rate congtant was assumed to change from K2 to
k., when sand was present with the ZVI1. Furthermore, the reduc-
tion rate constant of Cr(V1) was considered to change from k2, to
Ke. when the ZVI was present with the sand. In other words, we
assumed there are interactions between the reduction and the ad-
sorption rates of Cr(V1) when both ZV1 and sand are presant together.
These interactions were assumed to affect both the reduction and
adsorption rate congants. Natural decay of Cr(V1) was conddered
to occur independently. Therefore, the disgppearance rate of Cr(V1)
will beasfallows
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—% =ky(C —Ce) TKeC ko, C=Cyat =0 )
where the firgt, second, and third terms on the right hand side rep-
resent the firg-order reversble adsorption rate, first-order reduc-
tion rate, and zero-order natura decay rate condant, repectively.
The solution to Eq. (7) reads

~ (ks ko)t I(0 sce

k +kF (l *(ks‘*k:e)t) (8)

c(t) =c.e
where k, and ke, can be estimated by fitting Eq. (8) to the experi-
menta data

RESULTS AND DISCUSSION

Fg. 1 showsthe four types of experimentd datataken from Kim
et d. [2002]. The zero-order neturd decay rate congant, k, was es-
timated to be 0.0825 mg L™ hr™* by fitting Eg. (2) to the experimenta
data, and the fitted curve is shown for comparison. Parameters edti-
meted from fitting in each type of experiment areliged in Table 1.

Eq. (4) was fitted to the adsorption data obtained with 409 of
sand to estimate the following parameters involved in the modd:
¢.=30.3mg/L, k3=0.292 hr*. Equilibrium solid-phase concentra-
tion, g, was computed from the materid baance [Cho et d., 2003]
to be g.=0.0590 mg/g when 40 g of sand was used.
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Fig. 1. Solution-phase concentration changes of Cr(VI) with time
in control experiment, in the presence of sand, zero valent
iron (ZV1), or both sand and ZV1. Solid linesrepresent fit-
ted lines.

Table 1. Summary of modd parameters obtained from curvefit-
tingto the experimental data

) Equation
Experiment Fitted parameter(s) R? usedin
+standard error o
fitting
Control k,=0.0825+0.0195 mg L™* hr* 0.6743 @)

Sand (40 g) k%=0.292+0.0532 hr

c.=30.3+0.448 mg L™ 0.9244 @

ZVI (20g) k%=0.0147+0.00230 hr* 07206  (6)
_ 1

Sand (20 g) k.=0.203+0.0609 hr- 00153 (9

/ZV1 (20 ) K-,=0.509+0.102 hr*
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CV=qW+CV ©

where V and W denate the volume of solution (L) and the weight
of sorbent usad (g), respectively. We took V to be gpproximately
the volume of the batch-type reactor (=0.25 L) snce the heedspace
volume was away's kept less than 1 mL. Congdering that the con-
centretion of Cr(VI1) was low, we assumed a linear adsorption iso-
therm:

4:=0.00194c, (10

When 20 g of ZVI was used, Eq. (6) wasfitted to the reduction
dataand the computed curve was dso drawn in FHg. 1 for compari-
son. The firg-order reduction rate congtant was estimated to be k.=
0.0147 hr ™.

When sand (20 g) and ZV1 (20 g) were present together, two mod-
e parametersinvolved in Eq. (8), the firg-order adsorption and re-
duction rate congants, were estimated by fitting to the experimen-
td data k=0.203 hr* and k=0.509 hr?, repectively. In this fit-
ting, the equilibrium solution-phase concentration (¢.) in Eq. (8)
was recomputed since the dose of sand was changed from 40 g of
sand doneto 20 g of sand when the ZVI is present. By subdtitut-
ing Eq. (10) into the materid baance eguaion with W=20g, we
can get ¢.=34.4 mg/L. The cdculated curve with the fitted parame-
tersisshowninFg. 1.

From the mode caculations, the firg-order reduction rate con-
gant was found to increase about 35 times when 20 g of sand was
present together with the 20 g of ZV1, compared with the presence
of only 20g of ZVI (i.e, k=0509 hr *vs. K,=0.0147 hr'). The
firg-order adsorption rate constant decreased to about 70% of the
vaue obtained when only sand was present due to the presence of
reduction product Cr(111) (k=0.203 hr* vs. k=0.292 hr'™%).

In condusion, we could quantify the enhancement of Cr(VI) re-
duction when sand was added to the ZV1, through the introduction
of aseries of ample mathematica modelsin eech physca/chemi-
cd sep.
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