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Abstract
Lou soil was modified by amphoteric surfactant in column experiment which was
conducted. This study attempts to explore the transport of phenol to unmodified
and modified soil and inquire into the effect of concentrations, pH, and ionic
strength on phenol migration in the soil column. The parameters and breakthrough curves (BTCs) of transport were fitted by using the CXTFIT (version 2.1)
model. The result of Cl−’s BTCs for non-reactive by determining the equilibrium
model (EM) showed the retardation factor which was smaller than 1. The result
of phenol’s BTCs by determining non-equilibrium model (NEM) was shown that
the R-value increased while modification ratio increased, and the R was in order
of CK (1.337) < 50BS-12 (4.085) < 100BS-12 (7.048). The lower to higher concentration of phenol didn’t affect to CK and 100BS-12 was able to block higher concentration. The effect of pH on transport to CK and 100BS-12 didn’t react and
the average pore water velocity was decreased at pH = 4. The decreasing ionic
strength of phenol migration on CK and 100BS-12 had effect and the average
pore water velocity and retardation factor also decreased. The residual retention
in soil was in order of CK < 50BS-12 < 100BS-12, and 100BS-12 could hold the
amount of phenol than CK 7.21 times. Thus, amphoteric modified lou soil definitely blocks phenol migration and controls groundwater pollution.
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1. Introduction
According to the main environmental elements constituting the ecosystem, the
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important materials that we live on earth is soil [1]. However, the environmental
soil is becoming unsafety by natural form and human activities and heavy metals
and organic pollutant (phenol, PAH, etc.) in the soil has become an environmental issue. As known heavy metal and organic pollutant were found together;
therefore the main of organic pollutant with high priority is phenolic compound
[2]. Phenol is counted as high toxicity pollutant and affected human health while
it has gradually accumulated in the environment [3] [4]. In that case, phenol is
generated and discharged from industrial wastewater, after that phenol movement progressively penetrates in environmental soil and groundwater while it is
dumped to pond tailing [5].
To prevent groundwater contamination, the research on the remediation soil
was conducted. At present, the soil and clay mineral were modified by surfactant
agents to enhance adsorption capacity [6] [7] [8] [9]. As known the lou soil is
the main agricultural soil with high organic carbon. It was studied to modify
with surfactant agent to protect the soil environment [10]. Meng et al., 2008 and
Bai et al., 2010 studied using of amphoteric surfactant to modify lou soil and the
result indicated that the phenol adsorption capacity of modified soil increased
while modification ratios increased [11] [12]. However, the studies on the solute
transport by transporting of phenol through the soil were meagerly conducted.
Previous studies mostly emphasized the soil was able to enhance its ability to
prevent and control pollutant and result showed that the natural soil had the
poor ability to block phenol [13] [14]. Therefore, transport of phenol through
amphoteric modified lou soil was not conducted yet.
According to previous studies, the environmental factor as pH of solute
transport of heavy metal was conducted [15] [16] [17]. This is because the pH is
also the main factor in solute transport. By the way, the effect of pH and ionic
strength on the transport of phenol through the soil, limited research has carried
out [18]. However, Effect of concentrations, pH, ionic strength on phenol transport through amphoteric modified soil has not reported yet.
Due to breakthrough curve analyzed by Convection-Dispersion Equation
(CDE) in CXTFIT (version 2.1) model [19] of STANMOD [20] program, many
researchers used this model to predict heavy metal and organic pollutants transport [14] [21] [22]. The main parameter for indicating the rate pollutant migration
is retardation factor (R) and it can emphasize equilibrium and non-equilibrium
model. For example, Huang et al., 2009, Yang et al., 2009 and Di et al., 2015 studied using CXTFIT (version 2.1) model by estimating retardation factor (R)
value for analysis through the equilibrium model for making the breakthrough
curve of tracer Cl− and non-equilibrium model for making the breakthrough
curve of heavy metal and organic pollutant transportation was reasonably fitted
[15] [18] [23].
The objective of this research is to attempt the fate and transport of phenol
through amphoteric modified soil and effect of concentration, pH, and ionic
strength by using CXTFIT (version 2.1) model to predict retardation factor (R)
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value of pollutant migration in unmodified soil and amphoteric modified soil.

2. Materials and Methods
2.1. Preparation and Property of Amphoteric Modified Soil
The sample as lou soil was collected at uphill about 2 km far from the north
campus of Northwest A&F University, Yangling, Shaanxi Province, China. The
lou soil was air-dried and passed through a 10 mesh nylon sieve. The Cation
Exchange Capacity (CEC) of soil is 178.49 mmol/kg.
AR-grade BS-12 (Dodecyl dimethyl betaine) surfactant in this experiment was
provided by Xingguang Auxiliary Factory, Tianjin City, China. The molecular
structure of amphoteric modifier was shown in Figure 1.
The weight of soil was modified by dodecyl dimethyl betaine (BS-12) equivalent 50% and 100% as analytical reagent with 30% (W/V) through calculating
with Cation exchange Capacity (CEC) of lou soil. Firstly, the BS-12 was dissolved with deionized water between soil’s weight and deionized water [1:10] at
40˚C, and added soil under being stirred for 3 h. Then the sample was centrifuged and washed 3 times with deionized water, dried at 60˚C and passed
through 10 mesh sieves.
The amount of modification of BS-12 was calculated according to the following formula:

W = m × CEC × M × 10−6 × R b

(1)

where: W is the quality of the modifier, (g); m is the mass of the soil sample, (g); CEC is
the cation displacement of the modified soil sample, (mmol/kg); M is the molar mass
of the modifier, g/mol; b is the modifier product content (BS-12 take 30%).

2.2. Experimental Design
The transport experiment was conducted saturated-column and column was 5
cm in length and 5 cm diameter with a thickness of 0.5 cm. The two covers of
the column were one hole to let solution flow in and out for testing concentration. To place 1000 mesh sieve filters in the top and bottom of the column was to
protect falling down of soil. In the experiment, the head pressure of moving liquid was set 1.5 cm and was controlled the distance between the level surface of
the big bottle at the top and level surface of the column. The soil in the column
was prepared as unmodified soil (CK), 50BS-12 modified soil (50BS-12), and
100BS-12 modified soil (100BS-12). The basis parameters of unmodified and
modified soils were listed in Table 1.

Figure 1. The amphoteric surface modifying agent, dodecyl dimethyl betaine (BS-12).
DOI: 10.4236/jwarp.2019.115031
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2.2.1. Effect of Concentrations, pH, and Ionic Strength on the Transport
of Phenol
Unmodified soil and 100 BS-12 modified soil was selected to transport environmental factor such as:
Concentration was set 50 ppm, 200 ppm, and 500 ppm, and controlled by ionic strength 0.1 mol/l and pH = 7.
pH was set 4, 7 and 10, and controlled by 50 ppm, ionic strength 0.1 mol/l Ionic strength was set 0.1, 0.01, and 0.001 mol/l and controlled by 50 ppm and pH
= 7.
2.2.2. The Step of Experiment and Determination
The column experiment was managed 0.1 mol/l NaCl, 50 ppm of phenol with
pH = 7. The first of all, supplying deionized water with slow flow rate was to entrap air from the bottom until top layer of soils in column (CK, 50BS-12 and
100BS-12) and waiting one day for making sure no bubble air existed. The next
step, applying 0.1 mol/L of NaCl as tracer element injected in all columns from
the top and let NaCl solution leaching, then effluent of Cl− was collected every
10ml and determined Cl−. When Cl− concentration of outlet reached equal to the
injected one, changing and injecting phenol + 0.1 mol/l of NaCl was applied on
the top of the column. The effluents were collected every 50 ml and tested phenol concentrations reach until inlet one. The water flow was replaced again with
a 0.1 mol/l of NaCl solution as washout phenol, and the outlet was also collected
every 50 ml and tested pollutant until zero concentration.
The concentration of Cl− was determined by using a chlorine electrode method (Sanxin MP523).
The concentration of phenol solution was determined by 4-aminoantipyrine
spectrometry with SP-1600 UV-VIS spectrophotometer.

2.3. Model and Data Analysis
This experiment was used Convection Dispersion Equation (CDE) for studying
the transport of Cl− and phenol:

∂c
∂2c
∂c
=
R
D 2 −v
∂t
∂z
∂z

(2)

where C is pollutant concentration ppm (mg/l), t is time transportation (h), z is
vertical depth (cm), D is dispersion coefficient (cm2/h), v is the average of pore
water velocity (cm/h), v = q/θs, where q is water flux in unit area (cm/h), and θs
is soil porosity.

R is a retardation factor to indicate linear equilibrium adsorption transport as:
R = 1 no interaction between soil and solutes;
R < 1 ion exclusion;
R > 1 chemical reaction-adsorption;
Using the STANMOD program by CXTFIT (version 2.1) model was determined the parameter in experiment v, D and R are fixed for transporting Cl− and
phenol.
DOI: 10.4236/jwarp.2019.115031
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Using CURVEEXPERT software was simulated penetration of curve phenol
such as saturation amount, washout amount, the residual amount (saturation
amount-washout amount), residual retention (residual amount/soil’s weight in
the column) and holding rate (residual amount/saturation amount).

3. Results and Discussion
3.1. Effect on the Transport of Cl− on Unmodified Soil
and Modified Soil
The Breakthrough Curves (BTCs) of Cl− was shown and it was plotted between
concentration (C/Co) and pore volume (V/Vo) in Figure 2. The parameter of D
and R of Cl− was fitted by using the equilibrium model (EM) and R2 > 0.99*** (P
< 0.01) in Table 2. The order of v average pore water velocity of Cl-migration in
soil was CK > 100BS-12 > 50BS-12 and the order of D value was CK >
100BS-12 > 50BS-12. Linear correlation equation between v and D of BS-12
modified soil was D = 0.4432v + 0.578, R2 = 0.8239, so it indicated that v and D
value have related each other to the physical structure the soil column after
modification [18] [23]. Therefore, the flow velocity was decreased gradually and
the D value becomes smaller, respectively. The retardation factor R-value of Cl−
Table 1. The basic parameters of unmodified and modified soils.
Soils

pH

Bulk density ρd
(g/cm3)

Density ρ
(g/cm3)

Porosity

The velocity
of flow (ml/h)

CK

8.54

1.353

1.798

0.247

33.222

50BS-12

8.82

1.270

1.704

0.252

14.362

100BS-12

8.91

1.320

1.765

0.251

16.132

Figure 2. The BTCs of Cl− in CK, 50BS-12 and 100BS-12.
DOI: 10.4236/jwarp.2019.115031
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in Table 2 showed in order of 100BS-12 > 50BS-12 > CK and all R-value were
smaller than 1. So that, it indicated that the transport of Cl− was non-reactive ion
in the soils as the same result [15] [18] [23].

3.2. Effect of the Transport of Phenol in Unmodified Soil
and Modified Soil
The BTCs of transport and washout of phenol in different modified soil were
shown in Figure 3, and the result of parameter D and R from fitting the BTCs by
the non-equilibrium model (NEM) of CXTFIT model was shown in Table 3.
The number pore volume (NPV) of phenol migration was 17.89 (CK), 29.65
(50BS12) and 55.69 (100BS-12), respectively. The pore volume increased while
the modification ratios increased and it indicated the effect of phenol on modified soil was enhanced. The NPV of blocking phenol was in order of CK <
50BS12 < 100BS12 at V/Vo as 1.78, 14.83 and 17.98 at C/Co (0 - 0.009) in Figure
3. Table 3 showed the R-value of CK, 50BS-12 and 100BS-12 (50 ppm, pH = 7,
and ionic strength = 0.1 mol/l) was bigger than 1 and R2 was closer to 1, so it was
proved that the phenol in soil was blocked. The R-value of modified soil was
larger while modification ratios increased. The linear correlation equation R and
T0.5 of modified soil were R = 0.0566T0.5 +1.1396, R2 = 0.9942, so it indicated that
the duration of transport was longer while R became larger. The R-value of CK
Table 2. Transport parameters for Cl− in BTC fitted by EM model with v and D fixed.
Soils

Average of pore
water velocity
v (cm/h)

Average
penetration
time T0.5 (h)

Dispersion
coefficient D
(cm2/h)

Retardation
factor

CK

10.69

2.27

5.242

0.7518

0.998***

50BS-12

4.49

5.29

1.908

0.7971

0.996***

100BS-12

5.11

5.59

3.577

0.8622

0995***

R

Correlation
coefficient R2

Note: *** indicates that the correlation coefficient is significant at P < 0.01.

Figure 3. The BTCs of transport and washout: pH = 7, ionic strength = 0.1 mol/l, 50 ppm
of phenol in CK, 50BS-12 and 100BS-12.
DOI: 10.4236/jwarp.2019.115031
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Table 3. Transport parameters for phenol in BTC fitted by NEM model with v and D
fixed: 3 concentrations, 3 pH and 3 ionic strengths.

Soils

CK

50BS-12

100BS-12

Average
Ionic
Retardati Correlation
Average
Concentration
pore water
D
pH strength
on factor coefficient
penetration
(ppm)
velocity v
(cm2/h)
(mol/l)
time T0.5
R
R2
(cm/h)
50

4

0.1

14.761

2.266

4.707

0.9648

0.998***

50

7

0.1

10.077

5.64

3.134

1.337

0.995***

50

7

0.01

14.58

2.8

6.878

0.9091

0.998***

50

7

0.001

15.15

2.8

4.48

0.8856

0.999***

50

10

0.1

7.025

6.75

2.406

1.399

0.997***

200

7

0.1

11.28

4.71

8.704

0.9811

0.996***

500

7

0.1

5.93

8.85

0.1018

1.222

0.999***

50

7

0.1

2.9

44.14

0.8869

4.085

0.997***

50

4

0.1

1.898

53.58

0.2622

6.805

0.985***

50

7

0.1

2.552

98.45

0.3735

7.048

0.995***

50

7

0.01

4.769

39.86

0.2036

6.211

0.990***

50

7

0.001

6.99

29.15

0.2402

6.197

0.996***

50

10

0.1

3.425

33.33

1.731

6.917

0.989***

200

7

0.1

2.057

95.591

0.0212

6.597

0.995***

500

7

0.1

2.281

96.94

1.129

6.381

0.998***

Note: *** indicates that the correlation coefficient is significant at P < 0.01.

was smaller than (50BS-12) 3.05 and (100BS-12) 5.27 times. Because the BS12
modified soil with long chain carbon was changed the surfactant from hydrophilic to hydrophobic and the adsorption mechanism was enhanced with increasing modified proportion [24]. By adding more details, researchers proved
that high organic matter content, microstructure and surfactant in soil greatly
impacted on pollutants migration [25] [26] [27]. Therefore, modified soil greatly
enhanced blocking ability while modification ratios were increased.

3.3. Effect of Concentrations
The BTCs of various phenol’s concentrations of CK and 100BS-12 was shown in
Figure 4, and its results of transport parameters were also shown in Table 3.
The NPV at various phenol’s concentration in CK was 17.89 (50 ppm), 11.24
(200 ppm) and 11.94 (500 ppm); 100BS-12 was 55.69 (50 ppm), 44.15 (200 ppm)
and 47.26 (500 ppm).
The R-value of CK didn’t significantly change in each concentration. This was
because the unmodified soil was a weakness to block and easily polluted. The

R-value of 100BS-12 was bigger than R of CK as 6, 7 times, while high concentration was 500 ppm and the R-value was in order of R50ppm > R200ppm > R500ppm. It
indicated R-value became smaller while the high concentration was larger.
DOI: 10.4236/jwarp.2019.115031
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Figure 4. The BTCs of transport on CK and 100BS-12 in different concentrations, pH =
7, and ionic strength 0.1 mol/l.

Therefore, the retardation ability of modified soil strongly blocked with high
concentration.

3.4. Effect of pH
The BTCs of various pH (4, 7 and 10) on phenol in CK and 100BS-12 was shown
in Figure 5. As seen the results in Table 3, the v value of CK decreased and

R-value increased while the pH was high. It showed that pH had little effect on
CK. The parameter of R-value for pH on phenol in 100BS-12 didn’t change remarkably but only v value increased with increasing pH value, respectively.
Thus, the various pH on the transport of phenol through CK and 100BS-12 only
DOI: 10.4236/jwarp.2019.115031
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Figure 5. The BTCs of transport on CK and 100BS-12 in various pH, 50 ppm and ionic
strength 0.1 mol/l

changed the number of charges in soils [15] [28]. At the same of pH value, we
observed that the R-value, T0.5 of CK and 100BS-12 were different and it indicated that the 100BS-12 strongly blocked phenol. However, the blocking phenol
was strongly retarded in 100BS-12 at pH 7.

3.5. Effect of Ionic Strength
The BTCs of the various ionic strength of phenol through CK and 100BS-12 was
shown in Figure 6. Table 3 showed that the R-value of CK and 100BS-12 both
was R0.1 > R0.01 > R0.001 and various ionic strength of phenol migration obviously
DOI: 10.4236/jwarp.2019.115031
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Figure 6. The BTCs of transport on CK and 100BS-12 in various ionic strength, 50 ppm,
and pH = 7.

affected. The parameter of v in CK and 100BS-12 both was faster when the ionic
strength decreased. This is because the mechanism increasing of ionic strength
could increase aggregation adsorbent and decreased the electrostatic force of
pollutants migration [29] [30] [31] [32] [33]. Therefore, the decreasing of ionic
strength could penetrate faster and the adsorption of phenol was reduced.

3.6. Wash Out of Phenol in Unmodified Soil, and Modified Soil
When phenol almost penetrated in soils, the solution was changed to NaCl to
wash out phenol. Figure 2 showed the pore volume in CK, 50BS-12 and 100BS-12
DOI: 10.4236/jwarp.2019.115031
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started at 19.86, 31.5 and 57.49. Using the CXTFIT model as a non-equilibrium
model (NEM) for fitting the washout curve and the parameters of phenol washout was shown in Table 4. The Rw value of washout was bigger than R-value of
transport, and it indicated the phenol keeping in soil was difficult to wash out.
The Rw value in soils was in order of CK < 50BS-12 < 100BS-12, and the Rw of
100BS-12 was bigger than CK as 17.27 times. The linear analysis equation between residual retention in soil and saturation amount in soil was y = 6.5541x +
0.2064, R2 = 0.771* (P < 0.01), it indicated that the residual retention in soil and
saturation amount in soil was related each other. So that, the high modification
ratio in soil could hold phenol and amount of pollutant not only was increasingly adsorbed but also the mass of soil was increased with the amount of pollutant
after washing out [18] [28]. The residual retention in 50BS-12 and 100BS-12 was
bigger than CK 6.98 and 7.21 times. It demonstrated that the surface was
changed to amphoteric surfactant by covering BS-12, and BS-12 surfactant obviously affected phenol migration in the column experiment. Unit holding rate
in each soil was CK (41.37%), 50BS-12 (83.13%) and 100 BS-12 (52.06%).
Last, the lou soil with high modification ratio had a better adsorption capacity
for phenol migration. As seen the result with high blocking, high residual retention, and duration, it was confirmed that modified surface soil significantly reduced and blocked the pollutant migrant and also provided high organic matter
to soil.

4. Conclusion
The unmodified soil as lou soil was changed surfactant to amphoteric modified
soil (BS-12). Transport of NaCl on modified soil slightly affected by comparing
to unmodified soil and phenol migration was strongly blocked while the soil was
modified by the amphoteric surfactant. The retardation capacity of soil was improved when the modification ratio increased. Using the CXTFIT model was fitted by the equilibrium model (EM) for Cl− parameter and non-equilibrium model
(NEM) for phenol parameter. The various of phenol’s concentrations could reduce retardation ability of soil modification with high phenol concentration. The
pH of 4 and 10 didn’t affect to phenol migration and the only pH 7 on phenol
migration proved too high retardation ability in the soil modification. The decreasing ionic strength could affect phenol penetration in soil sample and the
Table 4. Washout parameters for phenol in BTC fitted by NEM model with vwash and D
fixed and simulate phenol curve in CURVE EXPERT by integrating curve area.

Soils

DOI: 10.4236/jwarp.2019.115031

Vwash

Duration
(cm/h)
(h)

Saturation Washout
amount
amount
/mmol
/mmol

Residual
Unit
retention
holding
in soil
rate (%)
(mmol/kg)

Rw

R2

CK

8.688

11.27

0.066

0.039

0.3245

41.37%

5.786

0.826***

50BS-12

2.219

29.73

0.2181

0.036

2.2668

83.13%

45.300

0.880***

100BS-12

3.628

158.46

0.3731

0.1788

2.3404

52.06%

99.980

0.931***
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duration of transport was short period and v become faster. The residual retention of modified soil could hold phenol more than CK. The last at all, modifying
soil with amphoteric surfactant in the column experiment greatly blocked pollutant migration. Moreover, it is confirmed that the blocking ability to organic
pollutants of subsurface soil modified by BS-12 was enhanced through simulation test; subsurface soil after modification can significantly slow the speed of
organic pollutants infiltration with soil water and based on previous research it
has demonstrated that the soil with surfactant can improve physical soil, and
water retention in pore soil, and prevent runoff and soil erosion.
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