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ABSTRACT

Nitrate-contaminated groundwater has become a major issue of public health concern in recent years. As
reported from various research groups, zero-valent iron-based process exhibits great potential for nitrate
removal. However, the effects of various water qualities on this process have not been clearly understood,
including natural organic matter, calcium, sodium, chloride and carbonate ions. In this study, CO, was
bubbled into Fe’-contained solution to create an acidic environment favorable to Fe’ corrosion. Results
showed that nitrate removal was inhibited significantly in the presence of humic acid. The blockage of
reactive sites of Fe’ might occur from adsorption of humic acid. Moreover, calcium was found to inhibit
nitrate removal as well. Interestingly, chloride plays a role of promoting the reduction of nitrate.
Concerning other species, sodium and carbonate ions imposed only slight effect on nitrate removal.

KEYWORDS: Nitrate, groundwater, zero-valent iron, carbon dioxide, humic acid.
1. INTRODUCTION

Nitrate contamination in groundwater is derived from many sources such as agricultural land
runoff, leaching of nitrogen fertilizers, concentrated animal feeding operations, food processing, and
industrial waste effluent discharge [1]. In drinking water standards, the maximal nitrate concentration is
restricted to be 44 mg/L according to Safe Drinking Water Act of US. It was reported that high levels of
nitrate, if reduced into nitrite, could cause methemoglobinemia in newborn infants [2]. In recent years,
zero-valent iron has been intensively studied for its ability to remove nitrate [3-8]. However, its
application as a unit of groundwater treatment processes still remains to be explored. Of the chemical
reduction processes, zero-valent iron (Fe”), serving as an electron donor to reduce nitrate, represents the
most common metallic reducing agent since zero-valent iron is readily available at low cost and nontoxic.
Nitrate reduction by Fe’ is a spontaneous process under acidic conditions; the solution pH must be low or
hydrogen ions must be supplied. The use of CO, to supply hydrogen ions in the solution is promising in
view of its non-negative effect on treated water quality. When zero-valent iron process is applied in the
field for nitrate removal, the water quality of groundwater needs to be taken care of. So far, the effects of
various water qualities on this process have not been clearly understood, including natural organic matter,
calcium, sodium, chloride and carbonate ions. Hence, the objective of this study was to investigate the

effects of various water qualities mentioned above on nitrate removal in the process of Fe’ and CO,
bubbling.

2. EXPERIMENTAL
2.1 Reagents and Material
Zero-valent iron (Fe’) of 10 pum size (specific surface area ~1 m?/ g) purchased from Merck was

used without any pretreatment. A nitrate concentration of 30 mg/L (6.8 mg N/L) was used in this study.
The nitrate solution was prepared by NaNO; (Merck) in the deionized water. The CO, gas with purity



greater than 99.5% was purchased from a local supplier. Humic acid (Aldrich) was prepared as organics
in solution. CaCl,.2H,0, Na,COj; and NaCl were purchased from Merck.

2.2 Process Operation

As shown in Figure 1, the experiments were conducted in a cylindrical reactor of 1.3 L. The liquid
volume was 1 L. Recirculated flow was used to achieve homogeneous mixing of solution using a
peristaltic pump. The CO, gas was introduced by passing through a disk diffuser of silicate material
installed at the bottom of reactor. As the experiments were carried on, water samples were taken from the
reactor at different time intervals for subsequent analyses of different water quality parameters.

2.3 Water Analyses

After pre-filtration of treated sample,
the filtrate was used for the analysis of ferrous
ion. Ferrous ion was able to form a colored
complex with 1,10-phenanthroline; therefore,
its concentration was determined through the
spectrophotometric reading of light absorption
of solution at 510 nm, which corresponds to a }B @)
certain ferrous quantity [9]. The residual nitrate,
nitrite, and end product ammonium were
analyzed by using lon Chromatography (IC). In Ly
IC analyses, 4 drops of 15,000 mg/L H,O, was
spiked into the above filtrate to convert Fe*" to :l/
ferric precipitate (Fenton’s reaction) and then
the water sample was furthered filtered using a CO;,
0.45 pm membrane filter to remove the iron
precipitate from solution. Humic acid was
analyzed by TOC analyzer.

pH ORP DO

Figure 1. Experimental setup of CO; bubbling
reactor.

3. RESULTS AND DISCUSSION
3.1 Effect of humic acid

Humic acid is a substance commonly found in the soil and natural waters Therefore, water quality
of groundwater should be concerned before zero-valent iron process was applied to treat target
contaminant. In this study, humic acid concentrations fell within the rage of 0.36-2.29 mg/L. The effect of
humic acid on nitrate reduction was shown in Figure 2. In Figure 2(a), the profiles of pH for all humic
acid concentrations show a sharp decrease from the initial pH to 4.2-4.5 in the initial time period and a
gradual increase in the later time period. The rebounding pH increased with decreasing humic acid
concentration in the solution, possibly due to the reduction of NO3™ by Fe”as well as the corrosion of Fe’,
as shown in Reactions (1) -(4).

Fe’ + 2H,0 = Fe*" + H, + 20H (1)
4Fe” + NOs + 10H" = 4Fe’" + NH4" +3H,0 )
5Fe” + 2NO;3 + 12H" = 5Fe*" + N, + 6H,0 (3)
Fe’ +NO; +2H" = Fe’" + NO, + H,0 4)

In Figure 2(b), it can be seen that DO concentration was nearly zero within 5 min in all conditions.
Obviously, DO was anticipated to be stripped out of the aqueous system, since CO, was bubbled into
reactor continuously. According to Figure 2(c), ORP value was lower with less humic acid. In regard to
nitrate removal (Figure 2(d)), it was illustrated that the nitrate reduction decreased remarkably with
increasing humic acid concentration. This indicates that humic acid was a significant factor affecting



nitrate removal adversely in the Fe’/CO, process. In addition, the initial lag phase of nitrate reduction
might be due to reactive site of Fe’ surface becoming available as de-attachment of humic acid from its
surface occurred. Such a de-attachment can be accelerated by the hydrogen ions transporting onto the iron
metal surface.
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Figure 2. Effect of humic acid on (a) pH, (b) DO, (c) ORP, (d) nitrate reduction, (¢) ammonium

formation and (f) ferrous accumulation. The experiment was conducted by using various humic acid concentrations
such as 0.36, 0.55, 0.93, 1.34, 2.29 mg/L with CO, bubbling at an inflow rate of 200 mL/min, 2g Fe%/L and a recirculated flow
of 1000 mL/min. The initial nitrate concentration was 30 mg/L. The Na,CO; and CaCl,.2H,0 used as background species were
94 mg/L as CaCOj; and 150 mg/L as CaCQO;, respectively.

The experiments show that nitrite (NO,) was not detected in the treated solution, whereas ammonium
was the predominant nitrogen containing-species. Cheng et al. (1997) [3] and Huang et al. (1998) [6]
reported that ammonium dominates the reaction products in the Fe® process. As seen from Figure 2(e), the



ammonium occurred rapidly when the nitrate reduction began. As shown in Figure 2(f), the rate of ferrous
ion accumulation decreased with increasing humic acid concentration. It is summarized here that humic
acid plays a role of inhibitor to nitrate reduction in the studied process, because of its adsorption onto
zero-valent iron surface.

3.2 Effect of sodium carbonate

To investigate the effect of sodium carbonate on nitrate reduction by Fe’/CO, process, the sodium
carbonate concentration (Na,CO;) used was 47, 94, and 141 mg/L as CaCOs;. The initial nitrate
concentration was 30 mg/L. Zero-valent iron dosage was 2 g/L, bubbling of CO, was at an inflow rate of
200 mL/min, and the recirculated flow was 1000 mL/min. The background species was applied into
solution as 0.5 mg/L humic acid and CaCl,.2H,0 = 150 mg/L as CaCOs. The effect of sodium carbonate
on nitrate reduction was shown in Figure 3. It can be seen that the nitrate removal was nearly the same
regardless of increasing Na,COj; concentration. For example, with Na,CO; = 47 mg/L as CaCOs3, the
percentage of nitrate removal at 90 min was 48%, and it was 54% with Na,COs; = 141 mg/L. Again, the
lag phase of nitrate reduction occurred due to adsorption and desorption of humic acid in the Fe° solution
as mentioned earlier. In brief, sodium carbonate, which easily dissociates into Na’ and CO5%, imposes
slight effect on nitrate reduction in the Fe’/CO, process.

3.3 Effect of calcium chloride and sodium chloride

To investigate the effect of calcium chloride on nitrate reduction by Fe”/CO, process, calcium
chloride concentration (CaCl,.2H,0) ranged from 50-300 mg/L. as CaCOs. As shown in Figure 4, the
nitrate removal significantly increased with increasing CaCl,.2H,O concentration within the latter time
period. In other words, as a whole calcium chloride serves as a promoter in reducing nitrate in the
Fe’/CO, process. Most probably, cation like Ca*" should suppress Fe*" dissolution from Fe’ surface,
leading to less reduction of nitrate. With this viewpoint, anion like CI" is even much stronger in pulling
Fe®" out of the Fe’ surface. Such a phenomenon can be evidenced in Figure 5. The profile with legend of -
A- is a control experiment; the solution contains only sodium nitrate. In the presence of Ca®” (profile with
legend of -0-), reduction of nitrate was retarded. On the other hand, nitrate reduction was enhanced in the
presence of Cl” (profile with legend of -[I-). Choe et al. (2004) [5] reported that chloride ion in solution
induces pitting corrosion of the Fe” surface, which could enhance surface reactivity or area of the Fe’ for
NOs3™ reduction. To further understand the effect of chloride ion in nitrate reduction, various
concentrations of sodium chloride was used, including 35.5, 106.5, 213 mg/L as CI'. As shown in Figure
6, the nitrate removal significantly increased with increasing NaCl concentration. However, the efficiency
of nitrate reduction became limited at high chloride concentrations such as 106.5 and 213 mg/L as CI".
Since sodium (Na") can have an effect on nitrate reduction only in a slight degree (Figure 3), it is further
concluded here that CI" indeed accelerates the corrosion of Fe', resulting in positive effect on nitrate
removal.
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Figure 3. Effect of sodium carbonate Figure 4. Effect of calcium chloride on nitrate
concentration on nitrate reduction. The humic acid reduction. The humic acid and NaCO; used as



and CaCl,e2H,0 used as background species were 0.55 mg/L as  background species were 0.55 mg/L and 94 mg/L as
TOC and 150 mg/L as CaCOs, respectively. Unless specified, CaCO;, respectively. Unless specified, other conditions
other conditions remain the same as those described in Figure 2.  remain the same as those described in Figure 2.
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Figure 5. Effect of CI" and Ca’* on nitrate Figure 6. Effect of sodium chloride on nitrate
reduction. -0- ( ClI' =35.5 mg/L, Ca’’=0 mg/L, Na'= 77 reduction. The humic acid and NaCOj used as background

mg/L); -o- (CI' =35.5 mg/L, Ca’’=20 mg/L, Na'= 54 mg/L); -A- Species were 0.55 mg/L and 94 mg/L as CaCOs, respectively.
(CI' =0 mg/L, Ca>*=0 mg/L, Na'= 11 mg/L) Unless specified, other conditions remain the same as those
’ ’ described in Figure 2.

4. CONCLUSIONS

In the Fe’/CO, system with various water qualities, it is concluded that nitrate removal decreased
with increasing humic acid concentration. The blockage of reactive sites might occur from adsorption of
humic acid onto the surface of Fe’. In addition, calcium was a retardation factor in the studied process. In
contrast, increasing chloride concentration leads to the increase of nitrate reduction efficiency. Other
background species such as sodium (Na”) and carbonate (COs>) imposed only a slight effect on nitrate
removal.
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Degradation of chlorinated benzenes in groundwater and synthetic media by
Fenton system
% %% 1 CNEM93-03-(3)
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ERECE N ¥ 4 BELPHLFRETRhEL A

-~ PE R pollutions were discussed.  In this study,

HF BT A fRERRAT R the degradations of HCB were made by
I #E oo LT kTR EALL AT 0 chemical oxidation procedures. The
B e )Li? SHEE A e f results suggested that the highly chlorinated
, aromatics were more resistant to Fenton
F(HCB)4x B~ B 15 it & 2R R o 7

1 oxidation than less chlorinated ones. The
Q\'%&«F’—r ’%¥IL§$IL“kﬁ¢7A é‘i"‘

less  chlorineated  compounds, 135-
ZEBFEL G RGASIFF 28 gichlorobenzene, 13-dichlorobenzene, 14-
5 F]p Fenton & Své-$Higspic &4 1 dichlorobenzene were treated by Fenton
P BF '% 23 % o % 12 Fenton & siJ2 i1 7 system with decomposition ratios of 72%,
82 1352 5§ % 13-~ 5% ~14-- 5 8% and 86%, respectively. The organic

¥ R ERRE T 72% - 88%27 86% o matters in the environmental water bodies and

PERREAFTARY RF L EF 0

P ARG TR T

media solutions had reduced the extent of
oxidation. In this study, we also evaluated

how the organic contents affected the

H § L ) Bg 1 Lok g -

iy nFgrigrais . irEgy efficiency of Fenton system.

BT O RGBT YL T8 Keywords Hexachlorobenzene,
S T 3 e Chemical oxidation, Fenton system
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Recently, a method of chemical (chiorinated benzenes, CBs)R i@ + £
oxidation treatment to deplete the HCB
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# - % ¥ 1* &£ 4 2 Fenton "# j# ¥
FORgE -
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I%% 33 60
=¥ 21 60
F s it -
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t(As(V)) i ¥ £ 3 7 i @ (Arsenate,

AsOy 3) enaj 58 5 A3t 2 3P o blde
H3ASO4 > H2ASO4_ > HASO4_2 > ASO4_3

( US EPA-GWRTAC, Remediation of

and

ﬁg‘r’} e 4

Metals-Contaminated Soils

Groundwater, 1997) ;
EY R P R gt Y

# ¥ - (McBride, 1994 ) -

"F'/Eé'



Ed'!,z, I( ﬁﬁmq/}\‘%/&h“%&"&f’

cacodylic acid, Methanearsonic acis,

methyldihydroxyarsine, trimethylarsine,

trimethylarsine acid ( Dickerson, 1980 ) -
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ZRlE |2k | pHE As Cd Cr Cu Hg Ni Pb Zn
+8 |%2| 71 | 874 3.36 0.132 | [15.6 | 112 | k66
Rl pd | 78 | 7.66 5.63 0.078 | 841 | 133 | [236
. #4161 | 556 | 003 | 035 | 122 | 0.174 | 1.43 | 4.27 | 7.73
£2+4] 61 | 49 | 004 | 059 | 093 | 0.068 | 1.86 | 5.67 | 9.48
) #2| 72 | 815 | 031 | 1.37 0.157 | 6.76 | 15.9 | [200
24| 73 | 748 | p47 | 181 0.223 | 144 | p4.7 | B9g
3 %21 64 | 111 | 023 | 265 0.082 | 6.81 | 15.7 | [113
24| 64 | 106 | 024 | 15 | 2.1 | 0059 | 3.71 | 11 | [84.1
. #4 ] 71 | 701 | 004 | 035 | 329 | 0.08 | 1.91 | 981 | 13.1
22| 79 | 741 | 003 | 092 | 267 | 0.097 | 3.09 | 6.28 | 11.5
. #4172 | 566 | 02 | 1.82 | 22.g | 0.131 | 553 | 12.4 | [101
24| 74 | 529 | 007 | 132 | 9.77 | 0135 | 452 | 11.6 | 33.4
6 44| 74 | 555 | 018 | 1.93 0.167 | 5.76 | [27.6 | [104
21| 76 | 578 | 022 | 1.9 0.156 | 3.94 123
#4 | 71 | 107 | 09 | 019 | 24 | 0.172 | 602 | 455 | 4.5
7 =
2| 72 | 526 | 1.79 | 059 0.095 | [22.5 8.04
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% 1<4 4~9 10~60 >60 >60
=]
LAS(E) pi<a | 415 16~60 >60 >60
2.Cd(48) <0.05 | 0.05~0.39 | 0.4~103% >10 >103%
3.Cr(4) <0.1 0.1~10 11~16 >16 >40
ACu(sr) | <1 1~11 12~20 21~100 >100 >180
5.Hg(%) <0.1 0.1~0.39 | 0.4~203% >20 >203%
6.Ni(4%) <2 2~10 11~100 >100 >200
7.Pb(4y) <1 1~15 16~120 >120 >200
8.Zn(4) | <15 | 1.5~10 11~25 26~80 >80 >300
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£ plgE 19T TRIAED H L
1.As & 30 60
2.Cd 45 10(2.5) 20(5)
3.Cr 4 175 250
4.Cu 4 220(120) 400(200)
5.Hg A& 10(2) 20(5)
6.Ni 44 130 200
7.Pb 4: 1000(300) 2000(500)
8.Zn & 1000(260) 2000(600)
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mg/kg dry material °

4 B B R (S | B B

TRER: FREBRFEY > T2RFFERIAR, 2001 & -

2r £ 32 dWETHE (Qn) froM A F 4k (CHI) £

B Rl Cu Zn As Cd Cr Hg Ni Pb
1 0.061 0.013 0.093 0.006 0.001 0.035 0.007 0.009
2 0.173 0.333 0.136 0.062 0.005 0.031 0.034 0.032
3 0.121 0.188 0.185 0.046 0.011 0.016 0.034 0.031

4 0.016 0.022 0.117 0.008 0.001 0.016 0.01 0.02
5 0.114 0.168 0.094 0.04 0.007 0.026 0.028 0.025
6 0.143 0.173 0.093 0.036 0.008 0.033 0.029 0.055

7 1.12 0.008 0.178 0.18 0.001 0.034 3.01 8.91
Total 1.748 0.905 0.896 0.378 0.034 0.191 3.152 9.082
CHI 1 0.518 0.513 0.216 0.019 0.109 1.803 5.196




27 RI2FAWEITFHE(Qn) fraM A T 48k (CHIY) %
=k Cu Zn As Cd Cr Hg Ni Pb
1 0.005 0.016 0.082 0.008 0.002 0.014 0.009 0.011
2 0.66 0.663 0.125 0.094 0.007 0.045 0.072 0.109
3 0.311 0.14 0.177 0.048 0.006 0.012 0.019 0.022
4 0.013 0.019 0.124 0.006 0.004 0.019 0.015 0.013
5 0.049 0.056 0.088 0.014 0.005 0.027 0.023 0.023
6 0.205 0.205 0.096 0.044 0.008 0.031 0.02 0.099
7 0.18 0.013 0.088 0.358 0.002 0.019 0.113 1.14
Total 1.423 1.112 0.78 0.572 0.034 0.167 0.271 1.417
CHI 1 0.781 0.548 0.402 0.024 0.117 0.190 0.996
2 BHEERBL'eHE
=R & » th|[ECR % # v~ 1 |[ECR & * -k |[ECR

1 1.40x107° 4.02x10 % 4.67x10 22

2 2.06x10°° 5.89x10 1° 6.85x10 **

3 2.79x107° 8.00x10™ 0 9.30x10 **

4 1.77x10°° 5.07x10" 5.90x10

5 1.43x10° 4.09x10 4.76x10 2

6 1.40x10°° 4.01x10*° 4.66x10 2

7 2.70x10°° 7.74x107 %0 9.00x10 **




