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1- Nano zero valent iron
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2- Dynamic light scattering
3- Zeta Potential
4- Electrophoretic Mobility
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1- Carboxymethyl cellulose
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Figure 1. Schematic of experimental set up for CMC- NZVI transport in soil Columns.
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1- Breakthrough curve
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Table 1. Descriptive statistics of selected soil and CMC-NZVI particles properties (N=20).

(1) St oo s Sl ol ool Sl Sl NEP adle bl
CV (%) std mean max min unit symbol Parameter
St Jslos sla S5
Soil solution Characteristics
% sl
6 0.48 7.59 8.66 7.05 - pH s
(Acidity)
J i
66 908 1365 3843 216 mg [ DOC e oS
(Dissolved organic carbon)
RGN
93 46.2 49.5 181.6 48 mM IS R
(Ionic strength)
lS 05518
86 118.7 136.3 446.1 24.6 mg 1" Ca** ed
(Calcium)
e OeslS
95 74.8 78.8 336.8 132 mg 1" Mg>* (e O
(Magnesium)
A 458
105 4752 452.4 1725 214 mg I Na® e O
(Sodium)
Ly 05018
45 64.4 1437 2372 12.9 mg I K (e O
(Potassium)
Ao od s
6 42 6.64 16.1 0.7 - SAR o

(Sodium absorption ratio)
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Continue Table 1.

T <l
oSke Sl Bl NEp e bk
(1) Dl s Sre . .
) mean max min unit symbol Parameter
CV (%) std
S oSSl ;5“;}}
Soil matrix characteristics
. T osle
62 1.04 17 42 04 / SOM Sl
(Organic matter)
(.....ls ols
49 4.88 10.08 22.6 3.8 /. CaCO; A o
(Calcium carbonate)
ol sl e b
41 732 1805 294 67  kgemol'  CEC o Pl
(Cation exchange capacity)
57 21.04 37.25 78.7 5.5 /. Sand o
(Sand)
. Sl
60 18.14 30.50 81.1 8.2 /. Silt -
(Silt)
58 1548 2671  60.8 3.7 / Clay o
(Caly)
. & Ymm) o5 S
62 3.44 5.58 14.8 1.1 /. Gravel ) o2
(Gtavel)
ey s - Sils
143 170.04 118.41 600 9.0 pm de i ] o
(Mean diameter)
4 0.11 2.8 2.9 2.5 - Dy e0® oI s S e
’ (Fractal dimension of particle size distribution)
e )d 55 pwkid jlme Bl 5l
45 620 137 253 42 um Ge S eBameEs
(Geometric standard deviation of particle size distribution)
IS s 5 oSl
70 074 107 23 01 mm MWD S s o
Mean weight Diameter of soil aggregates)
g
8 0.19 257 283 226 - Da SOl g SA e
(Fractal dimension of aggregate size distribution)
Sz gsdan 5 Sdgsdes gla S
Hydraulic and hydrodynamic characteristics
¢ all J&
12 019 158 191 129  gem® pb S S
(Soil bulk density)
18 0.07 0.37 0.51 0.23 - € -
(Porosity)
OL > s
58 0.087 0.151 0343  0.012 cmmin’ q o
(Flow rate)
A sae
327 43.89 134 192.3 0.01 - Pe >
(Peclet number)
Salos gy il o b
110 6593 5984 250 02 cm’min' Dy IR s
(Hydrodynamic dispersion coefficient)
e s
77 0.44 0.58 2.18 0.04  cmmin’ Vo ¢ J“
(Pore velocity)
¢ pduslis)
248 888.92 358.89 4000 0.10 cm A S ]
(Dispersivity)
e)'éjiu 6@;}u
Nanoparticle characteristics
Sealus g yden s
68 490.06  723.5 20453 186.3 nm dp GFrbstr
(Hydrodynamic diameter)
o5 L
23 6.67 -29.58 432  -182 mV ¢ 5 de
(Zeta potential)
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Table 3. Transport parameters for 20 different soil types.

T @IS S 5> (S Je gla bl

Mass balance Two-site kinetic model parameters ﬁ & go3 o la
Rec R T* R Simax Ker Kt Ka c Soil ID
(%) (%) (%) @ke’) L (0 (0
106.0 71.1 349¢ 0.94 5.86 0.78 0.33 1.21 0.004 1
93.6 49.9 43.7°¢ 0.91 27.66 7.77 0.05 0.98 0.025 2
99.1 71.8 273° 0.89 3.91 1.11 1.13 244 0.007 3
100.1 68.4 31.7°¢ 0.92 14.13 6.46 0.08 1.25 0.022 4
98.1 72.7 254¢ 0.91 4.57 1.63 0.33 2.93 0.004 5
103.0 83.9 19.1% 0.88 10.95 7.65 0.02 1.66 0.020 6
104.6 84.1 20.51 0.92 5.46 5.43 0.05 3.77 0.011 7
98.5 442 543° 0.95 6.73 1.11 0.79 0.74 0.002 8
103.6 41.7 61.9° 0.89 4.12 0.99 1.65 1.94 0.001 9
96.8 82.4 144! 0.94 16.23 8.32 0.08 1.13 0.089 10
105.1 82.7 224" 0.97 9.23 1.55 0.56 248 0.007 11
94.8 84.3 105" 0.89 43.67 13.23 0.21 1.15 0.550 12
101.7 91.3 104" 0.83 73.12 7.54 0.02 0.32 0.207 13
94.2 71.6 226" 0.96 8.18 4.98 0.07 1.56 0.020 14
953 74.4 2091 0.81 7.34 3.34 0.09 2.43 0.013 15
100.4 66.3 314¢ 0.87 6.67 2.78 0.03 12.19 0.009 16
103.1 59.9 43.2°¢ 0.96 3.33 0.67 1.10 3.02 0.005 17
96.3 74.8 2151 0.79 1.33 3.12 0.12 1.49 0.014 18
104.4 81.3 231" 0.84 0.78 1.43 0.21 6.34 0.008 19
98.8 88.6 102" 0.87 1.2 0.23 2.34 16.22 0.003 20

e cab e 3_], ol 3Lk 035 Aos ReC 102 L3 sl Bl o)3 50 Aoy R0 jles S e 0,350 Ao T
gl 2 03350 IS b i Simax (s e 5 Kar t b ol 5 Kaer t e S &5 Kae t Jslote Lo
e 31 el e R Jobine Jams 03

(P=2/10) L fs s s Sl KoK, LLSD 03l L Gilas Zslise 3 - L ok (5,156 oSl ™

* Means labelled with different letters indicate significant differences in means according to the Lsd test (P=0.05).
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Table 4. Loadings, eigenvalues, variances and selection criteria for 7 selected principal components.

del LgLaA.éj}a

Principal components -

variable
7 6 5 4 3 2 1

0.56 pH
0.89 DOC
0.97 IS
0.75 Ca™*
0.88 Mg**
-.94 Na"
-0.50 K'
0.68 SAR
0.89 SOM
0.81 CaCO;
0.63 CEC
0.78 Sand
-0.94 Silt
0.78 Clay
-0.44 Gravel
-0.43 dc
0.61 0.48 Dp
0.54 g
-0.76 MWD
0.65 Da
-0.70 pb
0.77 g
0.83 -0.43 q
0.82 Pe
0.88 Dh
0.89 vp
0.89 A
0.95 dp
-0.87 ¢

0% P9
1.1 1.4 15 25 3.3 53 10.4 S A2

Eigenvalue

Lls A
4.0 4.8 5.2 8.6 113 183 36.0 o e
Percentage of variance

g 5 Ao
88.2 84.3 79.4 74.2 65.6 543 36.0 S
Cumulative percentage of variance

Sl sl

Selection Criteria

0.48 0.42 0.41 0.32 0.28 0.22 0.15
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Figure 3. PCA loading 3-D plot of PC, versus PC, versus PC; (a) and 3-D Score plot of PC, versus PC, versus
PC; indicating the differentiation of soil samples according to percentage of transported CMC-NZVI (b).

cshole slae jad 5 JUEE! Gla a5l O g g (St il o =0 Jgudm
Table 5. Pearson correlation coefficients between transport parameters and factor scores.

FS; FS, FS; FS4 FSs FS¢ FS; Ka Kaet K Smax %T
Ka 0.72%* -0.20 -0.21 0.64** 0.20 -0.16  -0.25 1.00
Kaet -0.40%* -0.21 -0.39 0.39 0.49* 036 035 -0.48* 1.00
K 0.44* 0.21 0.58** -0.20 -0.36 0.22 0.26 -0.38 -0.57** 1.00
Smax 0.42% -0.15 0.86%* -0.26 -0.11 0.30 0.00 -0.33 -0.33 0.56%* 1.00

%T -0.47* 0.22 -0.65%*  -0.41%* 0.15 022 0.1 -041* 0.27 -0.53**  -0.40*  1.00

Cﬂ:ﬁ)l: PP e Shmax ‘éﬁs o Cf Ktr ffsl:.w ui.:‘.\?_ Cf Kaet éfsl:.w ;M Cf Katt (05w 5l e S a0 0350 s )s T
FS7; G FS; VMUJ}1 h}nb d\.kefs. ‘J:ul;;lo.]ﬂ::udue)écla—wfa)éfb 6)1.1.@.(;

ol Sls gm0 /0N Cl:wﬁﬁﬁ_&aw

** Correlation is significant at the 0.01 level

ol Sl gma v/v0 CE»AJQM#

* Correlation is significant at the 0.05 level
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Table 6. Developed regression models between percentage of transported CMC-NZVI and two kinds of input variables.

6“;}0 Sldas
RMSE R oslizel 350 o it Lop st e S5 Ji $3555 pike ¢ 55
Number of employed Multi-linear regression model Type of input variable
characteristics
%T = 167.6 - 0.69(pH) + 0.01(DOC) - 0.2(IS) - 0.02 (Ca>")
S 1.2(M&) + 7.1 (%SOM) + 4.9(%Sand) - 3.83(%Clay) + oy sle
624  0.63 21 4.3(%Gravel) + 0.07(de) + 10.2(Dp) - 7.5(c,) +23(MWD) - - >
14.9(Dy) - 134.6(pb) + 274.1(q) - 0.19(Dy) - 25.7 (V) - Primary variables
0.012(X) - 0.005(d,) + 0.55 (€)
Lo slas ol
313 076 16 %T = -5.58(FS,) - 9.25(FS;) - 4.87 (FS) e s

Factor Scores

R?, The coefficient of determination

RMSE, Root-mean-square error
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Abstract

Background and Objectives: As versatile materials, zero valent iron nanoparticles (NZVI) have
been employed for in-situ decontamination of a wide range of water and soil contaminants, including
organic chlorinated compounds, pesticides, inorganic anions and heavy metals. To carry out a
successful clean-up plan, it is necessary to deliver the decontaminant agent to the vicinity of
pollutant. Therefore a considerable number of studies have investigated the factors which affect
transport behavior of NZVI particles in natural subsurface environments. As bare (unmodified)
NZVI particles has been found to be immobile even in homogeneous porous media, different coating
agent such as Carboxymethyl cellulose (CMC) has been used for surface modification of NZVI in
order to improve their mobility in subsurface environments. So far, no investigation has been
conducted on undisturbed soil columns, considering the real properties of the media in which the
NZVI particles are transported. So in this study, different soil types covering a wide range of soil
properties in terrestrial systems are examined and the main characteristics associated with NZVI
mobility in saturated soil media.

Materials and Methods: Several parameters (n=29) including physiochemical and hydraulic
properties of 20 different soil types and nanoparticle characteristics in soil extract suspension were
measured and the transport parameters estimated from breakthrough curves employing a two-site
kinetic model of advection-dispersion equation. Principal component analysis (PCA) was then used
to explore the significant factors which control CMC-NZVI transport. Multi-linear regression
model was investigated between the percentage of transported CMC-NZVI through the soil and the
properties of soil and nanoparticles.

Results: Results showed that depending on the soil type, 10.2 to 61.9 percent of introduced
CMC-NZVI mass passed through the soil columns which indicates CMC-NZVI particles are mobile
in soil medium; However CMC-NZVI particles were significantly retained by soils with higher clay
contents and salinity. PCA results showed that 7 selected principal components (PC) described
88.2% of the total variance of the input variables where, Solution chemistry had high loading values
in PC, among the examined parameters. A multi-linear regression model developed between two
kinds of input variables including primary variables and factor scores (FSs) as secondary variables,
and percentage of transported CMC-NZVI through the soil column, showed that regression model
employing FSs as secondary input variables presents a better estimation of CMC-NZVI particles
transportability in soil with higher R* and lower RMSE values.

Conclusion: PCA results indicate the significance of solution chemistry, clay content and
hydrodynamic properties of soil in CMC-NZVI transport. Results of this study suggest CMC-NZVI
particles are mobile enough to be employed for subsurface remediation when clay content and
salinity of soil are not so high. However more investigations are need to explore the efficiency of
these materials for removing different pollutants from natural soils and subsurface media.
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