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Abstract Soil washing is an effective approach to the remov-
al of heavy metals from contaminated soil. In this study, the
effects of the surfactants sodium dodecyl sulfate, Triton
X-100, and non-ionic polyacrylamide (NPAM) on oxalic acid,
tartaric acid, and citric acid used to remove zinc from contam-
inated soils were investigated. The Zn removal efficiencies of
all washing solutions showed a logarithmic increase with acid
concentrations from 0.5 to 10.0 g/L, while they decreased as
pH increased from 4 to 9. Increasing the reaction time en-
hanced the effects of surfactants on Zn removal efficiencies
by the acids during washing and significantly (P<0.05) im-
proved the removal under some mixed cases. Oxalic acid suf-
fered antagonistic effects from the three surfactants and seri-
ously damaged soil nutrients during the removal of soil Zn.
Notably, the three surfactants caused synergistic effects on
tartaric and citric acid during washing, with NPAM leading
to an increase in Zn removal by 5.0 g/L citric acid of 10.60 %
(P<0.05) within 2 h. NPAM also alleviated the loss of cation
exchange capacity of washed soils and obviously improved
soil nitrogen concentrations. Overall, combining citric acid
with NPAM offers a promising approach to the removal of
zinc from contaminated soil.
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Introduction

Soil heavy metal pollution is one of the main environmental
issues worldwide as heavy metals are widespread and non-
biodegradable (Zhang et al. 2010a, b, c; Soleimani et al.
2010; Gusiatin and Klimiuk 2012). Zinc (Zn) is an essential
trace nutrient element required by many organisms (Marichali
et al. 2014). However, excess Zn in soil, especially in agricul-
tural areas, poses a potential threat to humans and the envi-
ronment (Rossato et al. 2011; Dziubanek et al. 2015). Soil Zn
contents have dramatically increased in recent decades as a
result of anthropogenic activities such as mining, smelting,
transportation, and the abuse of certain pesticides and fertil-
izers (Zaccone et al. 2010; Torres et al. 2012; Liu et al. 2013).
Consequently, it is essential to remediate Zn-contaminated
soils.

Many approaches such as electrokinetic remediation, soil
replacement or filling, stabilization, and bioremediation have
been widely applied to repair heavy-metal-contaminated soils
(Maturi et al. 2006; Dellisanti et al. 2009; Vargas-Garcia et al.
2012; Ali et al. 2013). Although these approaches can effi-
ciently restore metal-contaminated soils to some extent
(Zhang et al. 2010a, b, c), they usually show low efficiency
for high contamination levels (Dermont et al. 2008) or require
long periods of time. In contrast, soil washing, which consists
of a series of physical or chemical techniques to remove heavy
metals from contaminated soils, can remove high levels of
heavy metals in a short period of time (Bolan et al. 2014;
Kulikowska et al. 2015).
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Chemical leaching, which is the major soil washing tech-
nology, requires selection of an appropriate washing reagent.
To date, many types of reagents, including acid/alkali, salt,
chelating agents, and surfactants, have been shown to have
the ability to remove target metals from soils (Moon et al.
2012; Torres et al. 2012) via ion exchange, adsorption, and
chelating reactions (Dermont et al. 2008; Pociecha et al.
2010). However, strong acids leach soil nutrients and other
non-contaminant elements heavily, while inorganic salts cause
soil salinization and destroy the basic nature of the soil
(Makino et al. 2006; Torres et al. 2012). Although synthetic
chelating agents such as ethylenediaminetetraacetic acid
(EDTA), Na2-EDTA, and nitrilotriacetic acid (NTA) have
been shown to be effective at removing soil heavy metals
(Giannis et al. 2009; Yang et al. 2012; Lo et al. 2012), they
have also caused secondary pollution problems because of
poor biodegradability (Di Palma et al. 2005; Tsang et al.
2007; Zhang et al. 2010a, b, c¢; Begum et al. 2012).
Consequently, the selection of an appropriate reagent is essen-
tial to the removal of target metals by soil washing
(Moutsatsou et al. 2006).

In contrast, low-molecular-weight organic acids
(LMWOASs) are more biodegradable and have less secondary
ecological risks (Wen et al. 2009) because they can be pro-
duced by plant roots or microorganisms (Schwab et al. 2008).
Some LMWOASs such as oxalic acid, tartaric acid, citric acid,
and acetic acid have been applied during soil washing in re-
cent years (Makino et al. 2006; Moon et al. 2012), and these
compounds are gradually replacing synthetic chelating agents
as the major soil leaching reagents (Bolan et al. 2014).
However, their abilities to remove soil heavy metals are not
as effective as those of inorganic acids or chelating agents.
Hence, it is necessary to identify new approaches to improve
the efficiency of heavy metal removal from contaminated soils
by LMWOA:s.

Surfactants are amphiphilic molecules (Chang et al. 2005;
Gupta et al. 2010) that can affect the adsorption and desorp-
tion of soil colloids through adsorption onto surfaces or inter-
faces with them (Ehsan et al. 2006; Zhang et al. 2008; Asc1
et al. 2008), which results in dispersion of soil colloids and
improved solubility and mobility of heavy metals ions
(Giannis et al. 2007). Two common surfactants, sodium do-
decyl sulfate (SDS) and Triton X-100 (TX-100), have been
applied to enhance removal of soil contaminants (Torres et al.
2012), including heavy metals (Song et al. 2008; Gupta et al.
2010). Indeed, addition of these compounds into EDTA re-
sulted in increased Cu removal efficiencies (Ramamurthy
etal. 2008). Yuan et al. (2010) reported that EDTA mixed with
TX-100 could enhance the Zn removal efficiencies in sedi-
ments. However, information regarding the interactions of
LMWOA and surfactants during removal of heavy metals
from soil is scarce, especially for Zn. In addition, non-ionic
polyacrylamide (NPAM) is a common non-ionic flocculant

@ Springer

for wastewater disposal and soil improvement owing to its
large surface (Dai et al. 2014; Prats et al. 2014), which results
in its surfactant characteristics. Moreover, almost no research
has been conducted to investigate the use of NPAM during
washing of heavy-metal-contaminated soil. In addition, few
studies have been conducted to improve the washing of soil
heavy metals with LMWOAs. Therefore, this study was con-
ducted to investigate whether the use of surfactants would be
an effective approach to enhance the capacity of LMWOAs to
remove soil Zn.

The specific objectives of the present study were (1) to
compare the abilities of the three LMWOAs, oxalic acid,
tartaric acid, and citric acid, to remediate zinc contaminated
soil; (2) to assess the effects of concentration, time, and pH on
Zn removal; (3) to confirm whether SDS, NPAM, and TX-100
could enhance or weaken the removal of soil Zn by
LMWOA:s; and (4) to compare soil properties before and after
washing.

Materials and methods
Soil preparation

Paddy soil samples (0—20 cm) were collected from a farm near
a lead and zinc mine in Wushihe, Sichuan (29° 15’ N, 102° 53’
E), that had been impacted by irrigation with mining and
smelting wastewater. Samples were air-dried at room temper-
ature, after which the non-soil parts were removed and the
remaining soil material was homogenized and sieved through
a 2-mm mesh for washing. The contaminated soils (1.0 g)
were digested with 1:2:2 (v/v/v) HNO3/HCI/HCIO, to extract
the total Zn (Wang et al. 2014).

Batch experiments
LMWOAEs for soil Zn washing alone

Oxalic acid (OA), tartaric acid (TA), and citric acid (CA)
(Guoyao Group Chemical Reagent Co. Ltd., Chengdu,
China) were prepared in concentrations of 0.5, 1.0, 2.0, 5.0,
or 10.0 g/L. Next, 20.00 mL of prepared washing liquid was
pipetted into cleaned polycarbonate plastic bottles containing
2.00 g of soils to give a soil-to-liquid (S/L) ratio of 1:10 (w/v).
The bottles were subsequently sealed and transferred into a
shaker for oscillation (25 °C+0.5 °C, 200 rpm) for 1, 2, and
4 h, respectively, after which they were centrifuged for 10 min
at 3000 rpm and the supernatants were passed through a
0.45-um filter membrane. Finally, the concentrations of Zn
in the filtrate were determined by atomic absorption spectro-
photometry (WFX-110, Shanghai, China).
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Mixing of surfactant solutions for soil Zn washing

SDS, NPAM (0.5 g each; Guoyao Group Chemical Reagent
Co., Ltd, Chengdu, China), and 0.5 ml TX-100 (Amresco,
Solon, Ohio, USA) were dispersed in 1.00 L of 0.5, 1.0, 2.0,
5.0, and 10.0 g/LL OA, TA, and CA. The solutions were then
stirred continuously using a glass stirring rod until they
reached homogeneous. Next, the prepared mixtures were pi-
petted to wash the Zn soils under the same control conditions
as LMWOA solutions alone (S/L, 1:10) and then oscillated for
1, 2, or 4 h (25+0.5 °C, 200 rpm). The supernatants were
subsequently centrifuged for 10 min (3000 rpm), after which
they were passed through a 0.45-um filter membrane. Finally,
the Zn concentrations of the filtrates were measured as de-
scribed above.

Effect of pH on soil Zn removal

First, 20 mL of 5.0 g/ LMWOAs alone and their correspond-
ing mixtures with 0.5 g/L SDS, NPAM, or 0.5 mL/L TX-100
solutions were added into 2.00 g of soils in bottles. The pH
values of the reaction systems were subsequently adjusted to
4.0,7.0, and 9.0 (£0.05) with diluted HNO3 or NaOH and then
shaken for 1 h (25+0.5 °C, 200 rpm). Finally, the suspensions
were centrifuged (3000 rpm) and filtered in preparation for
subsequent analysis as described above. Deionized water
washing solution was used as a control, and all analyses were
conducted in triplicate to ensure reproducibility and reliability.
Zn removal efficiency was calculated by the following equa-
tion:

R— (Mdiss /Mml) % 100%, (1)

where R is the removal efficiency, My; is the heavy metal
mass dissolved by extraction from soil, and M, is the total
heavy metal mass of the soil.

Soil properties before and after washing

The soils washed with deionized water, 5.0 g/ LMWOAs
and 0.5 g/L SDS, NPAM, and 0.5 ml/L mixed solutions were
collected after 2 h of reaction at 1:10 S/L and an initial pH 4+
0.05. The residual heavy metals and soil properties were then
analyzed as described by Bao (2005). Additionally, soil pH
was measured in a 1:2.5 soil/water mixture (w/v). Soil cation
exchange capacity (CEC) was determined using the ammoni-
um acetate method, while organic carbon and total nitrogen
(N) were analyzed by Walkley—Black titration and the
Kjeldahl method, respectively. Soil available N was measured
by the alkaline hydrolysis diffusion method. Total phosphorus
(P) was calcined and extracted with NaOH, after which the
available P was extracted with 0.5 M NaHCO; (pH = 8.5) and
analyzed by the molybdenum blue method. Total potassium

(K) and available K were determined using a flame photom-
eter after being calcined and extracted with NaOH and 1 M
NH,4OAcC, respectively.

Statistical analysis

Statistical Product and Service Solutions (SPSS) Version 20.0
(IBM Inc., Armonk, NY) was used to analyze the data.
Differences in Zn removal efficiencies among groups were
identified by one-way analysis of variance, with a P value
<0.05 considered to indicate significance.

Results and discussion
Effect of LMWOAS on removal of soil Zn

The concentration of washing reagent is essential to soil wash-
ing, as it determines the amount of substance that will partic-
ipate in the reaction. In this study, the Zn removal efficiencies
were all approximately 3.00 % after 1, 2, and 4 h of reaction
with deionized water, while they all increased logarithmically
following the addition of OA, TA, and CA (Table 1). The Zn
removal efficiencies increased significantly (P<0.05) as the
LMWOA concentrations increased from 0.5 to 5.0 g/L and
then slightly increased from 5.0 to 10.0 g/L (Fig. 1). This trend
was similar to the change in phenanthrene removal reported in
response to increasing OA, TA, and CA concentrations in
previous studies (An et al. 2011).

The different molecular structures of LMWOAs might lead
to differences in the strength of their interactions with soil
metals during chelating or ion exchange reactions (Wen
et al. 2009; An et al. 2011). In this study, the Zn removal
efficiencies of OA were greater than those of TA and CA at
most concentrations, with the highest removals of 96.99,
88.65, and 82.05 % being observed in response to 10.0 g/L
OA, TA, and CA, respectively (Fig. 1). These findings likely
reflect the simpler molecular structure of OA relative to TA
and CA, which makes it easier to transfer in the reaction. In
addition, OA can provide more carboxyls than the other com-
pounds, which play important roles in leaching of soil metals
(Hernandez-Soriano et al. 2010; Yip et al. 2010) under the
equal mass concentration.

The reaction time is also an important factor that must be
considered during washing of heavy metals from contaminat-
ed soil owing to the kinetic equilibrium of the adsorption and
desorption process (Wang et al. 2014). Zn removal efficien-
cies showed no obvious differences (P>0.05) among 1-, 2-,
and 4-h reaction times, despite a slight decline with the exten-
sion of reaction time for most cases. These findings indicate
that 1 h or less may be sufficient for the full effects of
LMWOASs to manifest. Furthermore, because soil is a
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Table 1  Optimal model of relationship between removal efficiencies
(Y) and LMWOA concentrations (X)

Washing solutions  Time (h) Formula: Y=a+blnX R’ P
a b
OA 1 101.58 17.79 0.97 0.003
2 95.064 17.01 0.94  0.009
4 81.942 12.60 0.98 0.003
TA 1 95.90 1527 0.93  0.006
2 94.52 16.95 0.93  0.008
4 81.83 12.73 0.99  0.009
CA 1 97.50 15.20 0.96 0.001
2 95.71 18.13 0.93  0.001
4 83.91 13.21 0.98 0.001
OA+SDS 1 86.800 15.85 0.96 0.004
2 83.48 14.29 0.95 0.001
4 87.245 16.43 0.96 0.003
TA+SDS 1 91.18 17.48 0.94 0.006
2 90.88 15.39 0.92 0.010
4 100.21 17.02 0.95 0.003
CA+SDS 1 75.62 13.09 0.98 0.002
2 78.52 13.24 0.98 0.004
4 100.03 14.07 0.94 0.001
OA+TX-100 1 84.35 14.18 0.99 0.001
2 82.19 13.45 0.99  0.000
4 90.72 1529 0.98 0.002
TA+TX-100 1 89.76 13.80 0.99 0.001
2 88.37 11.84 0.99  0.000
4 94.83 14.80 0.96 0.004
CA+TX-100 1 86.91 13.87 0.99 0.001
2 85.30 11.93 0.99  0.000
4 97.08 14.17 0.98 0.001
OA+NPAM 1 87.05 13.63 0.95 0.005
2 88.33 14.00 0.95 0.005
4 90.31 14.84 091 0.012
TA+NPAM 1 92.213 14.79 0.94 0.007
2 96.459 16.41 0.92 0.010
4 91.800 13.73 091 0.013
CA+NPAM 1 89.224 14.10 0.94  0.006
2 91.876 13.88 0.97 0.002
4 92.908 12.96 0.95 0.005

Logarithmic function is the best fitting model for all solutions (a lower P
and higher R* value compared with other simple equations)

LMWOAs low-molecular-weight organic acids, OA oxalic acid, T4
tartaric acid, CA citric acid, SDS sodium dodecyl sulfate, 7X-100 Triton
X-100, NPAM non-ionic polyacrylamide

complex matrix (Conte et al. 2005), metal ions probably pre-
cipitate with other soil substances with increasing washing
time.
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Removal efficiency of surfactant alone

The soil Zn removal efficiencies of SDS, TX-100, and NPAM
alone were only 4.50, 6.50, and 5.00 %, respectively, and there
were no significant differences among reaction times
(P>0.05). These findings are similar to those of previous stud-
ies that showed that SDS and TX-100 had little effect on the
removal soil Zn alone (Yuan et al. 2010; Torres et al. 2012).
These findings suggest that the potential for use of surfactant
ligand washing agents alone has not been fully exploited.

Effect of mixed solutions on the removal of soil Zn

As shown in Fig. 2, Zn removal efficiencies of all mixed
solutions showed a logarithmic increase with increasing
LMWOA concentrations from 0.5 to 5.0 g/L (Table 1) and
were similar to those of the LMWOAs. From 5.0 to 10.0 g/
L, Zn removal increased only slightly. Unlike LMWOAs
alone, the Zn removal efficiencies of some mixtures showed
a significant increase (P<0.05) with increasing reaction time,
which may indicate that LMWOAs and surfactants interact
with each other within a certain period.

After the addition of SDS, the efficiency of Zn removal by
TA became greater than that of the other two LMWOAs, with
the highest removal of 95.55 % being observed for treatment
with 10.0 g/L TA mixed with SDS for 4 h. Similarly, CA
exceeded OA when the reaction time increased to 4 h
(Fig. 2a—c). After combination with TX-100, the Zn removal
efficiencies of OA were always lower than those of the other
two LMWOAs, and CA surpassed TA as the most effective
treatment at 4 h. When mixed with TX-100, the Zn removal
efficiency of CA was notably enhanced, with the highest re-
moval reaching 93.87 %. Moreover, 90.19 % of soil Zn was
removed at 5.0 g/ CA, resulting in the concentration of Zn
remaining in the soil being below the standard for Zn pollution
in China (Fig. 2d—f). When combined with NPAM, the Zn
removal efficiency of TA was slightly higher than that of OA
and TA at the first two reaction times, while the efficiency of
CA slightly exceeded that of TA at the longest reaction time.
The removal by 5.0 g/ CA and TA reached 92.92 and
92.96 %, respectively, after only 2 h (Fig. 2g—i). Although
the three surfactants only accounted for a small part of the
mixed solutions, they had strong impacts on various
LMWOAs when applied for the removal of soil Zn.

Effect of SDS on LMWOAs applied for soil Zn removal

SDS impeded the Zn removal efficiencies of LMWOASs in
most cases (Table 2), especially that of OA. All treatments
showed significant reductions in Zn (P<0.05), with a maxi-
mum decrease of 14.87 %, and no obvious regular change was
summarized for the effects of SDS on OA along with the
change of concentrations and reaction times. Nevertheless,
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Fig. 1 Effect of concentrations and reaction times of different LMWOAs on the Zn removal efficiencies. OA, oxalic acid; TA, tartaric acid; CA, citric
acid. The same /etters in the same line of each rotation indicate no significant difference (p>0.05)

the effects of SDS on TA and CA shifted from negative to
positive as the reaction time increased from 1 to 4 h, with the
largest increases being 8.73 and 5.23 % (P<0.05),
respectively.

In this study, SDS did not exert a synergistic effect on
LMWOA:s, as expected. This differed from the results of pre-
vious studies that showed that the addition of SDS to EDTA
could enhance Zn and Pb removal (Ramamurthy et al. 2008;
Zhang et al. 2008). Moreover, SDS was shown to significantly
increase Cd and Cu removal by Lauroyl-ED3ANa2 (LED3A)
(Chang et al. 2005). Such differences may be ascribed to the
distinctive characteristics of metal ions and chelating agents
themselves. Moreover, SDS, a type of anionic surfactant with

strong emulsification, usually reacts with the surface of soil
colloids first because of its hydrophobicity (Zhang et al. 2008;
Conte et al. 2005), after which it reacts with heavy metals via
ion exchange, electrostatic interaction, and solubilization
(Zhang et al. 2008; Gupta et al. 2010). In addition, SDS was
likely precipitated by alkaline metal ions such as Ca>" and
Mg*" in the soils (Torres et al. 2012). Taken together, these
characteristics might have weakened the motilities of
LMWOASs and reduced their chances of interacting with soil
Zn*" upon initial treatment. As a result, the negative effects of
TA and CA eased slowly with increasing reaction time.
However, lengthening the reaction time did not improve the
effects of OA; maybe its molecule was fettered very seriously.

Fig. 2 Effect of different SDS TX-100 NPAM
LMWOA concentrations and 100
reaction times of various (a) ) ¢ 1(d) d
combined solutions on Zn ¢
removal efficiencies. OA, oxalic o ¢
acid; TA, tartaric acid; CA, citric 3
acid; SDS, sodium dodecyl £ b H 1h
. & —B—0A+SDS —B— 0A+TX-100 b —B— OA+NPAM
sulfate; TX-l.OO,‘ Triton X-100; g o TA-SDS o TATXI00 b o TANPAM
NPAM, non-ionic —A—CA+SDS —A— CA+TX-100 —A— CA*NPAM
polyacrylamide. Different letters aor a M3
in the same line of each rotation 100 . . . . . . . . - - - -
indicate no significant difference (b) e (e) .
(p>0.05) e
~ 80 r ©
: 2h
? 60 ——0A+SDS a —B—O0A+TX-100 i —#— 0A+NPAM
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Table 2 Comparison of the effects of surfactants on LMWOA washing alone

Surfactants ~LMWOA concentrations (g/L)  OA TA CA
1h 2h 4h 1h 2h 4h 1h 2h 4h
SDS 0.5 -9.66% -8.38" —1487" —4.62% —-0.85 +8.33*  —8.59% —5.94* +0.96
1.0 -9.12* -1036* —11.68* —6.60% +4.00* +8.73*  -7.09* -3.66 +4.53%
2.0 -12.05*  —-12.27* -1240° -3.72 —-1.64 +3.92 -5.02% -3.35 +4.67%
5.0 -13.56* —12.60* -11.32* —4.00 —6.63% +3.05 -9.23% -3.44 +4.64%
10.0 -14.78*  -11.07* -10.32* —4.10* -1.21 +6.91*  —5.40° 4,04 +5.23%
TX-100 0.5 -4.91* —4.27* -3.66 +8.63%  +12.78"  +14.05* +0.74 +6.05% +7.86%
1.0 -8.02* -10.74* -10.19* -0.28 +5.22% +3.14 +3.36 +5.76  +13.92%
2.0 -15.22* —15.48" -8.60° —4.82° —2.74 +0.71 +2.17 +4.12*  +11.55%
5.0 -15.32*  -14.60" -7.04*  -3.09 —-5.66" +0.96 +4.05 +3.05 +13.41°
10.0 —-15.22% -9.61* =5.11*  -2.58 —-1.47 +2.07 +5.09% +4.38*  +11.81*
NPAM 0.5 -2.50 —2.83 -8.65%  +4.76% +2.94 +8.68%  +1.27 +4.12 +6.24°
1.0 —4.53% -2.97 =578  +1.10 +3.79 +8.85%  +2.78 +10.31"  +12.15%
2.0 -7.03" -9.83% -1.87 +0.82 +3.07 +5.48*  +9.53* +8.10*  +12.36*
5.0 -13.00* -6.30% -9.03*  -1.92 +2.28 -0.96 +5.59*  +10.60% +9.08%
10.0 -13.95% —6.27° -7.92* 217 +1.71 —1.88 +5.87¢ +8.37% +7.11%

Positive sign “+” indicates that the addition of surfactant enhanced the ability of LMWOAs to remove Zn, while negative sign “—” indicates that the

addition of surfactant decreased the ability of LMWOAS to remove Zn.

LMWOA low-molecular-weight organic acid, O4 oxalic acid, 74 tartaric acid, CA citric acid, SDS sodium dodecyl sulfate, 7X700 Triton X-100, NPAM

non-ionic polyacrylamide

*Indicates that the mixed solutions caused significant diversity relative to LMWOAs alone

Effect of TX-100 for LMWOAs on soil Zn removal

TX-100 is a non-ionic surfactant that may disperse soil or
change the solubility and mobility of heavy metal ions via
adsorption onto soil colloids (Giannis et al. 2007; Gupta
et al. 2010) because of its hydrophobicity (Conte et al. 2005;
Zhang et al. 2008). Therefore, it could affect the soil Zn re-
moval by LMWOAs with increased reaction time. In this
study, TX-100 did not improve the Zn removal by OA, and
the maximum reduction of the removal efficiency was
15.48 % (P<0.05). The negative effect was seemingly allevi-
ated when the reaction time increased to 4 h. However, the
effects of TX-100 on TA shifted from negative to positive as
the reaction time increased from 1 to 4 h, and the efficacy of
0.5 g/L TA increased significantly (14.05 %, P<0.05). The Zn
removal efficiencies of all CA solutions were enhanced with
increasing reaction time after the addition of TX-100
(Table 2).

The various effects of TX-100 on Zn removal by different
LMWOASs may be the result of the various degrees and orders
of interactions among TX-100, LMWOAs, and soil colloids.
TX-100 likely filled the binding sites of soil colloids or inter-
fered with the organo-functional groups of LMWOAs via lipo-
philic groups, which may have prevented the LMWOA mole-
cules from contacting the Zn entrapped in the soil colloids upon
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initial treatment. OA apparently showed the strongest binding
with TX-100. This may have occurred because it was the sim-
plest molecule; therefore, the degree of free mobility was great-
ly reduced relative to when OA was applied as a washing agent
alone. In contrast, TA and CA showed fewer constraints; there-
fore, Zn removal efficiencies may have been impeded by OA
and TA immediately upon addition of TX-100. However, as the
reaction time increased, more soil Zn*" was exposed and
desorbed by LMWOAs, especially CA, possibly in response
to the dispersal mechanism of TX-100. Moreover, the balance
of the reaction moved toward the generation of Zn-LMWOAs,
and the restrained LMWOA molecules might have been simul-
taneously released.

Previous studies indicated that TX-100 could enhance the
removal of heavy metals from soil by EDTA (Ramamurthy
et al. 2008; Yuan et al. 2010). Although the structures of the
LMWOAs investigated in the present study are not as com-
plex as EDTA, they all have multiple carboxyls.
Consequently, TX-100 could enhance the soil Zn removal
efficiency of LMWOASs to some extent through its dispersal
mechanism (Yuan et al. 2010). Specifically, the lipophilic
group of TX-100 may have been drawn by the soil colloid
hydrophobic surface or soil organic matter through van der
Waals attractions, resulting in dispersion of the soil colloid
(Gupta et al. 2010).
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Effect of NPAM for LMWOASs on soil Zn removal

As shown in Table 2, the effects of NPAM on LMWOAs were
similar to those of TX-100, probably because they are both
non-ionic surfactants. NPAM also had negative effects on OA
for the removal of soil Zn. For TA, NPAM caused negative
and positive effects under different treatments. Specifically,
lower concentrations led to a greater increase in removal, with
the highest removal being 8.85 % (P<0.05). When compared
with TX-100, NPAM had an obviously synergistic effect on
CA solutions for Zn removal under a short reaction time,
notably, 5.0 g/ CA could remove 85.15 % (P<0.05) after
increasing by 10.60 % within 2 h.

NPAM is a common non-ionic polymeric flocculant for
wastewater disposal and soil structure improvement because
it can form large flocs among particles (Chatterjee et al. 2009;
Dai et al. 2014; Prats et al. 2014). To the best of our knowl-
edge, little research has been conducted to investigate the
combination of NPAM with LMWOAs to wash soil heavy
metals. However, the functional mechanism of NPAM could
be inferred based on its characteristics. On the one hand,
NPAM can form gel at low concentrations because of its
low solubility, which may reduce the tension of water accord-
ingly. Therefore, it can affect the migration of the three
LMWOAS in solutions. On the other hand, NPAM may be
adsorbed onto the surface of soil organic or inorganic colloids
via H-bonding between the C=0 group on the amide and
proton donors on the oxide surfaces (Al-Hashmi et al. 2012),
which will likely increase the soil dispersive effects similar to
TX-100 because they are both non-ionic surfactants. As the
reaction time increased, the negative effects decreased and the
positive effects were enhanced. It should be noted that NPAM
could promote the Zn removal efficiencies of LMWOAs in a
shorter time than TX-100. Moreover, NPAM showed obvious
potential to enhance the removal of Zn from soil by CA.
Overall, this is a novel process for enhancing soil Zn removal
by LMWOAs; however, additional studies are needed to elu-
cidate the mechanisms by which this occurs.

The different effects of surfactants on the removal of Zn by
LMWOAs were mainly due to the different physicochemical

characteristics of reagents and further various interactions in
the complex soil-liquid systems. Specifically, surfactants ap-
peared to exert antagonistic effects on OA and synergistic
effects on CA. Moreover, reaction time was an important fac-
tor influencing mixed solutions because there are sequences
for the key functional groups of LMWOAs and surfactants to
contact with the reaction binding sites of soil colloid.

Effect of pH on the removal of soil Zn

The pH during washing is essential to removal of Zn from soil
as it can affect metal retention and desorption in soil colloids
(Zou et al. 2009) and then influence soluble metal ion concen-
trations and the capabilities of reagents to extract metals from
soil (Begum et al. 2013; Wang et al. 2014). As shown in
Fig. 3, the removal of Zn by various solutions was high at
pH 4 and then decreased sharply from pH 4 to 7 but showed
little further reduction from pH 7 to 9. This trend was similar
to the findings observed during extraction of Zn by
nitrilotriacetic acid and 3-hydroxy-2, 2’-iminodisuccinic acid
at pH 4-10 (Begum et al. 2012).

These results were consistent with the regularity of Zn ad-
sorption by soil, in which pH influences the adsorption of
cations onto the surface of oxide minerals (Bradl et al.
2004). Under acidic conditions, heavy metal cations competed
with H" for adsorption of soil colloids, with more soluble
carbonates providing easier access to carbonate-bound metals
by washing reagents (Begum et al. 2012). Therefore, the
highest Zn removal efficiency in this study was observed at
pH 4. Under neutral or alkaline conditions, the solubility of
the oxides and other solid phases was low because of the
formation of metal hydroxy complexes or insoluble calcium
zincate (Bradl et al. 2004; Begum et al. 2012), resulting in
comparatively lower extraction abilities.

The Zn removal efficiencies of CA and its corresponding
surfactants were relatively higher than those of other washing
solutions at the same pH and showed better stability along
with changes in acidity. This may indicate that CA has better
buffer performance because of its more complicated molecu-
lar structure. Overall, these findings indicate that variations in

100
80 L a O pH4 ©pH7
60
40

20

Zn removal (%)

OA | SDS |TX-100|NPAM TA |

OA

Fig. 3 Effect of pH of different washing solutions on Zn removal under
1 h. CK, deionized water; OA, oxalic acid; TA, tartaric acid; CA, citric
acid; SDS, sodium dodecyl sulfate; TX-100, Triton X-100; NPAM, non-

SDS |TX-100|NPAM CA | SDS |TX-100|NPAM

TA CA

ionic polyacrylamide. Different /etters in the same histogram of each
rotation indicate no significant difference (p>0.05)
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pH could influence the removal of soil Zn in the presence of
LMWOASs and surfactants.

Assessment of soils before and after washing

Soil washing may alter the soil properties through dissolution
of indigenous oxides, carbonates, and organic matter (Tsang
et al. 2007; Jelusic et al. 2013). As shown in Table 3, the
properties of washed soils changed to some extent.
Specifically, the pH values of all washed soils were higher
than those of the initial of leacheate (4+0.05) and lower than
those of un-washed and deionized water washed soils. These
results indicate that the LMWOAs and surfactants underwent
a series of chemical reactions with soil. When compared with
un-washed soil, the cation exchange capacities (CECs) of dif-
ferent washed soils decreased to some extent; however, the
addition of NPAM appeared to alleviate the loss of CECs.
Soil total K, total P, and available K all decreased after wash-
ing (Table 3), which may have been due to the non-selective
extraction of soil non-Zn cations by LMWOAs and surfac-
tants. Organic carbon, total N, and available N of different
washed soils increased or decreased relative to the un-
washed soils. This may indicate that washing agents removed
some of the nutrients, while partial residues of LMWOAs and
surfactants resulted in the addition of carbon to soils.
Moreover, NPAM containing elemental N improved the N
concentrations of washed soils and significantly increased
the available N (P<0.05). A washing agent may dissolve a
portion of soil minerals, resulting in the release of other N
and P species, and therefore an appreciable increase in avail-
able P (Hu et al. 2014). Among the investigated washing so-
lutions, OA removed the most soil nutrients; however,
NPAM-containing solutions significantly improved the avail-
able N concentration of washed soils and alleviated the loss of
CEC.

Conclusion

This study investigated the effects of SDS, TX-100, and
NPAM on the LMWOASs OA, TA, and CA applied to remove
Zn from contaminated soils. All washing solution removals
showed logarithmic increases with increasing LMWOA con-
centrations, but decreases in response to changing the pH from
4 to 9. Increased reaction time enhanced Zn removal under
some mixed cases significantly (P<0.05) owing to the effects
of surfactants on LMWOAs. The effects of the three surfac-
tants alone on Zn removal were small, and they impeded the
Zn removal efficiency of OA. Conversely, the three surfac-
tants exerted synergistic effects on removal by TA and CA.
Moreover, the Zn removal efficiency of CA was obviously
enhanced by two non-ionic surfactants, and NPAM required
a shorter reaction time for enhancement than TX-100. In

addition, OA led to a serious loss of soil nutrients, while the
addition of NPAM improved the N concentrations of washed
soils and alleviated the loss of CEC. Taken together, combin-
ing CA with NPAM offers a promising remediation approach
to removal of Zn from contaminated soil. However, further
studies are needed to optimize the conditions to enable large-
scale application.
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