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We investigated the characteristics of metal(loid) transport and dispersion in agricultural soils near an abandoned metal mine.
Topsoil samples were collected from 162 sampling sites in the study area, including 1 in the mine tailing dumps, to analyze the total
concentrations of As, Pb, Cd, and Zn. Subsequently, the metal(loid) transport and dispersion characteristics were investigated
using geographic information system (GIS) technology.)e results of this study clearly demonstrated the variation in the dispersal
of As, Cd, Pb, and Zn from the mine tailing dumps to nearby agricultural soils and the element-specific spatial variability in their
respective transport and dispersion characteristics.)ese findings suggested that compared with the migration behavior of Cd, Pb,
and Zn, that of As has a farther-reaching impact on agricultural soils owing to its geochemical cycling in the soil and groundwater
environment. )is impact differed significantly in magnitude from that of the other investigated metals. )erefore, special
consideration must be given to the migration behavior of As.

1. Introduction

Globally, agricultural soil pollution caused bymetal(loid)s from
mining activities poses serious environmental concerns. Mine
tailings, which are mine wastes derived from mining activities,
contain several toxic metal(loid)s [1, 2]; thus, mine tailing
dumps left untreated near abandoned metal mines are the
primary sources of soil and water pollution in the surrounding
areas [3–8]. Dispersal of metal(loid)s frommine tailing dumps
into the ecosystems in the vicinity of such mining sites occurs
primarily through two pathways: (1) dispersal of metal(loid)-
bearing particles by the wind- and rainfall-driven erosion of
mine tailings [2, 6, 9] and (2) infiltration of metal(loid)-bearing
leachates into the soil below during rainfall–runoff processes

and subsequent migration into nearby soils and groundwater
[6, 7, 9, 10].

Recent studies on the transport and dispersion of
metal(loid)s in contaminated soils near mining areas have
suggested that the spatial distribution of such metal(loid)s is
determined primarily by the erosion of mine tailings, par-
ticularly by wind-driven erosion [1, 2, 6, 11, 12]. Moreover,
the closer the location of the site to the mine tailing dumps,
the higher the concentration of the contaminants, and vice
versa [1, 2, 5, 11, 12]. Studies on the transport of metal(loid)s
in soils by the leaching of metal(loid)s from mine tailing
dumps have focused on the depth-dependent distribution of
metal(loid)s within the soil profile, i.e., the vertical migration
of metal(loid)s [9, 13–15].
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On the contrary, in countries such as Korea that ex-
perience monsoon-driven rainfall and distinctly different
dry and rainy seasons [16], the transport and dispersion of
metal(loid)s migrating from mine tailing dumps to nearby
soils may show different distribution patterns through
complex pathways of erosion and leaching. Metal(loid)s
infiltrating into the soil through leachates during rain-
fall–runoff processes tend to migrate to the groundwater via
the soil pore water [17–19].)is suggests that soil metal(loid)
s, driven by the hydraulic gradient, migrate not only ver-
tically within the soil profile but also along the horizontal
plane. Moreover, variations in groundwater cycling, irri-
gation, and level can release metal(loid)s back into the
surface environment. Metal(loid)s can also undergomobility
changes in the soil and groundwater environment owing to
various factors, such as pH, oxidation–reduction (redox)
potential, organic matter content, and adsorption reactions
between various minerals [4]. )erefore, the range of spatial
dispersal of metal(loid)s from mine tailings into nearby soils
can vary significantly depending on the extent of erosion as
well as the different migration behaviors of individual soil
metal(loid)s. )us, a proper understanding of this complex
phenomenon is imperative to adequately monitor soil
metal(loid)s in areas affected by mining activities.

)e objective of this case study is to elucidate the dis-
tinctive dispersion and distribution pathways of different
metal(loid)s from mine tailing dumps to the surrounding
agricultural soils. To this end, the following approaches were
adopted. )e total concentrations of metal(loid)s (As, Cd,
Pb, and Zn) in the agricultural soils were surveyed exten-
sively on-site. )en, we examined the spatial distribution of
the metal(loid)s by identifying their horizontal variation
according to distance from the mine tailing dumps and
created a distribution map using a geographical information
system (GIS). )e results of this study provide important
input for developing efficient monitoring schemes for
meta(loid)s in agricultural soils and strategies for soil re-
mediation in areas affected by mining activities.

2. Materials and Methods

2.1. Description of the Study Site. )e surveyed site lies in the
village of Gwoni in Gyeongju City, Gyeongbuk Province,
Republic of Korea (Figure 1). )e village of Gwoni is spread
over an area of 7.97 km2 and comprises forests (7.09 km2),
paddy fields (0.48 km2), and dry fields (0.25 km2). According
to the Korean Soil Information System [20], the soil types in
the study site are classified as Inceptisols (7.56 km2), Ultisols
(0.13 km2), Alfisols (0.10 km2), and Mollisols (0.01 km2), and
the surface soil textures are loam (7.01 km2) and sandy loam
(0.79 km2). )e sandy loam occurs primarily in agricultural
fields. )e geology of the study site consists primarily of
Cretaceous strata; Tertiary and Quaternary strata are un-
conformably distributed in the upper part (Figure 2) [21].
Hornblende-quartz-feldspar porphyry, hornblende-biotite
granite, and granite, all belonging to the Bulguksa intrusive
group of the Daedong supergroup, are distributed in the
Cretaceous strata. In the upper part, andesite and tuff of the
Tertiary Beomgockri group are unconformably distributed

and are not visible in the presented geological map; the strata
are unconformably covered at the top by Quaternary allu-
vium. At the study site, farmland is mostly distributed in the
Quaternary alluvium (Figure 2).

Gwoni Reservoir, which is a fill-type dam built in 1964, is
downstream of the study area (Figure 1). However, this
reservoir is used for irrigating agricultural fields in its vi-
cinity, and the groundwater pumping wells have tradi-
tionally been used for irrigation of the agricultural fields in
the study area, which was confirmed during the field survey
(Figure S1).

)e study area is affected by a typical temperate mon-
soon climate, with an annual mean temperature of 14.1°C
and extreme maximum and minimum temperatures of
38.6°C and –12.7°C, respectively [22]. )e annual mean
precipitation is 842.9mm, and its temporal distribution
throughout the year is strongly heterogeneous. More than
54% of the total annual precipitation is recorded between
July and October [22]. During the dry winter seasons, winds
from the northwesterly quadrant are predominant, whereas
hot and humid summers are dominated by southerly winds
[23].

)e Sunyang Mine (Figure 1), situated in the study
region, was initially developed during the Japanese occu-
pying period (1910–1945). Details of this abandoned Au
mine are presented in Table 1. In the vicinity of the buried
mine shaft, mine tailings of more than 2,500m3, which is the
main source of pollution, are piled together with waste rocks.
)e soil sampled near themine tailing dumps, as indicated in
Figure 1, has been reported to contain As, Cd, and Pb at
concentrations far exceeding the prescribed thresholds [24].
During the field survey, we verified the presence of the mine
tailing dumps and the collapsed stone wall piled up to
contain the tailings (Figure S2).

2.2. Soil Sampling. An extensive investigation of the soil
metal(loid) content was conducted in the study area in
March 2014. Soil sampling was performed in the sur-
rounding agricultural fields located downslope from the
mine tailing dumps near the mine shaft of the SunyangMine
to clearly determine the distribution patterns of metal(loid)s
according to the distance from the mine tailing dumps
(Figure 1). Soil samples were taken at depths of 0–30 cm
from 162 agricultural fields, including 1 sample obtained
from the mine tailing dumps (Figure 1). )e sampling sites
located in the forest areas shown in Figure 1 are currently
used as agricultural fields, excluding the site located in the
mine tailing dumps. Information about the locations of each
sampling site is provided in Table S1. For each sample, five
samples of surface soils were collected in a zig-zag pattern in
each plot (<900m2) of the agricultural fields and were mixed
thoroughly to obtain a representative composite sample in
accordance with the standard Korean method prescribed for
collecting soil samples [28]. )e soil samples were collected
using a stainless steel hand auger and stored in prelabeled
polyethylene zip bags. Appropriate care was taken at the
sampling sites to avoid the collection of any obvious con-
taminants as well as plant leaves, gravel, and other debris.
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)e sampled soils were spread on steel pans in one layer with
uniform thickness. )e samples were then air-dried for one
week to eliminate moisture. )en, the soils were crushed,
passed through a 2mm stainless steel sieve, and stored in
airtight polyethylene containers.

2.3. Chemical Analysis for Total Metal(loid) Content. All soil
samples were analyzed at a nationally accredited professional
analysis institute in South Korea, National Environment Lab
(NAPAI), which tests for pollution in soil samples.)eNAPAI’s
official website can be accessed at http://www.nelab.re.kr. For the
analysis of metal(loid)s, the dried soils were pulverized and
sieved to pass a 100 mesh (<0.15mm), and a 3 g sample of the
sieved soil was digested with 28ml of aqua regia (3 :1, v/v,
HCl+HNO3) for 1h at 70°C.)e digested solution was filtrated
through 5B filter paper, and the total concentrations of As, Cd,
Pb, and Zn were then determined using an Inductively Coupled
Plasma Optical Emission Spectrometer (ICP–OES; Optima
7300DV, Perkin Elmer, USA) [28]. A reference soil (Environ-
mental Resource Associates, USA) was used to measure the
recovery and relative standard deviation (RSD) of the elements
studied.)e recovery in the reference soil was between 70% and
130%, and the RSD was less than 30%.

2.4. Spatial and Statistical Analyses. Statistical analyses were
conducted using SPSS 20.0 (IBM, USA). )e data were

checked for normality via the Kolmogorov–Smirnov test with a
confidence interval of 95% [29, 30]. A GIS tool (ArcGIS 10.2.2)
was used to produce a land use map that indicates the soil
sampling locations and distribution of the total concentrations
of metal(loid)s in the agricultural fields in the study area. )e
GIS tool also enabled the analysis of the associated spatial data,
such as the altitudes of the sampling locations and the distance
from the mine. To investigate the transport and dispersion
characteristics of the metal(loid)s released from the mine
tailings, which is the primary anthropogenic pollution source
in the study area, regression analyses were performed to de-
termine the correlation between the spatial data and the total
concentrations of the metal(loid)s. Graphs with curve fittings
(regressionmodels) were prepared using SigmaPlot 12.0 (Systat
Software, Inc., USA).

3. Results

3.1. Total Concentrations of Metal(loid)s in Mine Tailings and
Agricultural Soils. )e total concentrations of the metal(-
loid)s in the sampled soil from the mine tailing dumps of the
Sunyang Mine are presented in Table 2. )e total concen-
trations of As, Cd, Pb, and Zn were measured to be 195, 11.9,
51,150, and 1,745mg/kg, respectively, which significantly
exceeded their respective upper national limits. In particular,
the total concentration of Pb was found to be more than 250
times the national limit of 200mg/kg.

South Korea

Study area

Gyeongju city Outline map with provinces

Study area

Residential
Paddy field
Dry field
Forest area
River and lake
Stream direction

Abandoned mine (mine tailing dumps)
Road

Radius from the mine
Sampling site

South Korea
Gwoni village, Gyeongju city,

Province boundary
Study area

N 0 45 90 180 360
Kilometers

N 0 0.5 1.0 2.0
Kilometers

N 0 0.2 0.4
km

2.0 km

1.5 km

1.0 km

0.5 km

Figure 1: Sampling points in the study area, showing the distribution of land use types.
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Table 3 presents descriptive statistics for the raw data of
the metal(loid)s contained in the agricultural soils. )e table
also presents the background metal concentrations (BMCs)
in unpolluted agricultural soils of South Korea [32] and soils
worldwide (WSs) [33]. )e total concentrations of the
metal(loid)s at each site are presented in Table S1. )e
concentration ranges of As, Cd, Pb, and Zn were 0.78–25.0,
0.10–5.50, 8.78–567.9, and 37.7–646.8mg/kg, respectively
(Table 3). )e As, Cd, Pb, and Zn concentrations exceeded
the national limits at 1, 2, 9, and 11 locations, respectively.
)e mean concentrations of these elements were 5.99, 0.88,
76.20, and 128.93mg/kg, respectively, which, except for As,
exceeded the values of both BMCs andWSs. )e coefficients
of variation (CVs) for As (62.9%), Cd (98.5%), Pb (108%),
and Zn (78%) indicated high variations.

)e application of the Kolmogorov–Smirnov test
(p> 0.05) confirmed that the raw datasets for metal(loid)s in
the sampled soils were not distributed normally (Table 3).
)e distributions for As, Cd, Pb, and Zn were all strongly

positively skewed, with skewness values higher than 1.0, and
their kurtoses were very sharp. Moreover, the distributions
of these elements were still nonnormal after log- and square
root-transformation.

3.2. Horizontal Variation of Metal(loid) Concentrations.
To determine the characteristics of metal(loid) transport and
dispersion from the mine to the surrounding agricultural
soils, the distance to the mine was used as an ancillary
predictor. Figure 3 illustrates the concentrations of met-
al(loid)s in soil with increasing distance from the mine as
predicted by the regression analysis with curve fitting (re-
gression models).

)e concentrations of Cd, Pb, and Zn in the agricultural
fields were highest in the vicinity of the mine tailing dumps,
at 80m and 415m for Pb and Cd-Zn, respectively. )e levels
rapidly decreased with increasing distance from the mine
tailing dumps and reached relatively stable levels 600m from

Cenozoic 

Study area
Gwoni village, Gyeongju city,
South Korea

0N

N

0.5 1.0

0.5 km

1.0 km

1.5 km

2.0 km

km

0 0.2 0.4
km

Qa Quaternary alluvium

Kgr Granite

Kgrmf Hornblende-biotite granite

Kgf Hornblende-quartz-feldspar porphyry

unconformity
Cretaceous 

Figure 2: Geological map of the study area.

Table 1: Description of the abandoned mine in the study area.

Operation period Main geology Type of
mineralization

Ore
minerals Grade of ore body Ore mineral

associations
Pollution
source Reference

Japanese colonial
period,
1961–1972

Biotite granite,
felsophyre, granite

porphyry

Au-bearing
quartz vein Au, Ag Au: 0.0–2.4 g/ton, Ag:

281–1,467 g/ton
Pyrite, galena,
sphalerite

Tailings
(>2,000m3) [24–27]
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the mine (Figures 3(a)–3(c)). )is spatial distribution pat-
tern is in mathematical agreement with the exponential
decay model (y� y0 + αe−βx). In particular, the spatial dis-
tribution of Pb (r� 0.626) exhibited a relatively more pro-
nounced exponential decay pattern as compared with Cd
(r� 0.367) and Zn (r� 0.362). Zn and Cd showed similar
distribution patterns in the agricultural soils (Figures 3(b)
and 3(c), respectively), which were clearly distinguishable
from that of Pb (Figure 3(a)).

)e As content exhibited a distribution pattern
(Figure 3(d)) that was distinct from those of Cd, Pb, and Zn.
It showed the second-highest concentration, 24.78mg/kg, at
a point near the mine tailing dumps (46m), which decreased
until reaching a distance of 600m from the mine. However,
the As concentration began to increase continuously with an
increase in the distance past that point. )is behavior was in
contrast to that of the other elements, which exhibited an
exponential decay distribution and stabilized after 600 m
onward. )e highest As concentration, 25mg/kg, appeared
at the sampling site farthest from the mine, at 1,752m. )e
distribution pattern of As showed the best fit with a qua-
dratic model (convex down; r� 0.724), which suggests that
the concentration of As in the study area decreased until
reaching a specific distance from the mine and then in-
creased steadily.

To further elucidate the distinct distribution patterns of
As, Cd, Pb, and Zn past the 600 m mark, linear regression
analyses of the distribution patterns were performed for the
section between 600m and the sampling site farthest from
the mine. )e results are presented in Figure S3. In the post-
600m section, Cd, Pb, and Zn showed stable distributions
with no significant variability as compared with the results of
the pre-600m section, with concentrations showing high
variability depending on the distance (Figures S3a–S3c).
Contrary to this trend, the As concentrations clearly tended
to increase linearly with an increase in distance past the
600 m mark (Figure S3d).

3.3. Relationships between Metal(loid)s. Figure 4 shows the
relationships between As, Cd, Pb, and Zn based on linear
regression models. Such relationships can indicate transport
pathways or mechanisms from the metal(loid) sources
[34, 35]. Among the four elements investigated, Cd and Zn
showed a high linear correlation (r� 0.890; Figure 4(e)),
which supports the finding that Cd and Zn had similar
distribution patterns in the agricultural fields located
downstream of the mine tailing dumps (Figure 3). No
statistically significant correlations were present among the
other investigated metal(loid)s.

3.4. Spatial Distribution of Metal(loid)s in the Study Site.
Figure 5 illustrates the spatial distribution of the total
concentrations of As, Cd, Pb, and Zn in the soil samples
collected from the study area. )e sampling site and met-
al(loid) distributionmaps given in the figure help to visualize
the distance-dependent distribution patterns of the met-
al(loid)s shown in Figure 3. Pb occurs in hotspots charac-
terized by high concentrations in a dense distribution at
points that differ slightly from those of Cd and Zn, at about
80m and 400m distance, respectively. However, these three
elements all occurred in hotspots at points located within
500m from the mine tailing dumps, showing lower con-
centrations with increasing distance from the mine. On the
contrary, higher As concentrations were observed at sig-
nificantly farther points, past the 1,000 m mark from the
mine tailing dumps, which occurred in hotspots at points
farthest from the mine tailing dumps, past the 1,500 mmark.
)is distribution pattern differed distinctly from those of Cd,
Pb, and Zn.

4. Discussion

)e dispersion of metal-bearing mine tailings into nearby
agricultural soils can be attributed to the elevated levels of

Table 2: Total concentrations of metal(loid)s in the mine tailing soil and the corresponding spatial data.

Metal(loid)s (mg/kg)
Spatial data

Transverse mercator
(Tokyo datum) Altitude (m)

As Cd Pb Zn X Y
195.3 11.96 51,150 1,745 419,672 266,014 203
Note. )e national limits for As, Cd, Pb, and Zn are 25, 4, 200, and 300mg/kg, respectively [31].

Table 3: Statistical summary of metal(loid) concentrations (mg/kg) in agricultural soils of the study area.

Mean (N� 162) Median Min Max SD CV Skew. Kurto. p (K–S test) BMC WS NL NL>BMC
As 5.99 5.14 0.78 25.00 3.77 62.9 2.871 10.194 0.00 6.24 6.00 25.00 1
Cd 0.88 0.66 0.10 5.50 0.87 98.5 2.627 8.946 0.00 0.14 0.35 4.00 2
Pb 76.20 49.44 8.78 567.95 82.85 108.7 3.678 15.405 0.00 20.07 35.00 200.00 9
Zn 128.93 93.73 37.67 646.78 100.60 78.0 2.593 8.083 0.00 71.07 90.00 300.00 11
SD: standard deviation; CV: coefficient of variation; Skew.: skewness; Kurto.: kurtosis; p (K–S test): p values of Kolmogorov–Smirnov test for normality of the
raw data (for values higher than 0.05, the distribution is normal); BMC: background metal concentrations for unpolluted agricultural soils of South Korea
[32]; WS: world soils unpolluted [33]; NL: national limits according to the soil quality standards of South Korea [31]; NL>BMC: number of samples with a
concentration exceeding the national limit.
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toxic metals observed in and around abandoned metallif-
erous mines [1, 2, 12, 36, 37]. Moreover, it should be noted
that the primary ore body of the Sunyang Mine is a quartz
vein containing Au and Ag that includes sulfide minerals,
such as pyrite, galena, and sphalerite (Table 1). In addition,
this quartz vein is commonly accompanied by arsenopyrite
(FeAsS) [38–40], which is the most common As-bearing
mineral [41, 42]. In general, the mine tailings generated by
mining activities at Au or Ag mines in Korea contain high
amounts of arsenopyrite [38]. Oxidation of the residual

sulfides releases Fe and other metal(loid)s from the mine
tailings, such as Pb, Cd, and Zn [43, 44]. )e wide variations
of their concentrations in the agricultural soils of the study
area can be attributed to the dispersion of the mine tailings
(CVs in Table 3) because high CVs (>50%) are often reliable
indicators of anthropogenic activity [34, 35, 45–47].
Moreover, the hotspots of As, Cd, Pb, and Zn formed in the
agricultural fields located downstream of the mine tailing
dumps offer clear evidence for the dispersion of the mine
tailings (Figure 5).
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Figure 3: Scatter plots of metal(loid) concentrations in agricultural soils (n� 162) corresponding to an increasing distance from the mine
tailing dumps for (a) Pb, (b) Zn, (c) Cd, and (d) As.)e trend lines and 95% confidence (blue) and prediction (sky blue) bands are shown for
the regressions. All p values (<0.0001) for the F-test in ANOVA were less than the specified significance level (0.005).
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To explain the characteristics of transport and dispersion
of As, Cd, Pb, and Zn in the investigated agricultural soils,
the primary mechanisms by which the metal(loid) migrate
from the mine tailing dumps were examined. )e migration
of metal(loid)s from mine tailing dumps to the surrounding
soils largely occurs via two pathways. )e first and direct
migration pathway of metal(loid)-bearing particles is the
erosion of the mine tailings. Improperly disposed mine
tailings are exposed to two types of erosion: water erosion
with transport during heavy rainfall events and wind ero-
sion, which induces fine-particle dispersion [3, 6, 9, 12, 36].
Such erosion of mine tailings can be ascribed to natural
factors, which significantly influence the spatial distribution
of metal(loid)s in the surrounding regions [1, 2]. )e second

migration pathway involves the infiltration of metal(loid)s
dissolved in mine tailing leachates. )e dissolved metal(loid)s
infiltrate into the nearby soils with mine tailing leachates
during rainfall-runoff processes andmigrate with the soil pore
water, thus, degrading the adjacent soil and groundwater
environment [7, 10].

A common distribution pattern was observed for Cd, Pb,
and Zn, which is characterized by an exponential decay in
concentration with increasing distance from the mine tailing
dumps (Figure 3). )is spatial distribution is associated with
the direct dispersion of metal(loid)s from anthropogenic
sources. Typical examples of the exponential decay-type
distribution pattern occur in areas near abandoned mines
due to wind- and rainfall-driven erosion of mine tailings
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concentrations in the agricultural soils (n� 162) of the study area.
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[35, 48, 49] and the anthropogenic metal(loid)s in the soils
near industrial complexes or smelters/refineries by the de-
position of airborne particles released from them [50–54].
)us, the observed distribution pattern clearly indicates the
presence of an anthropogenic contamination source. Sim-
ilarly, the distribution patterns of Cd, Pb, and Zn in the soils
of the agricultural fields suggest that they are closely asso-
ciated with wind- and rainfall-driven erosion of the mine
tailings. However, two slightly different tendencies were
observed: Cd and Zn showed almost identical patterns that
were distinguishable from that of Pb (Figure 3). Moreover,
their hotspots were formed at sampling sites located farther
from the mine tailing dumps than those of Pb, at 400m
versus 80m, respectively (Figure 5). )e high linear cor-
relation between Cd and Zn, as illustrated in Figure 4, in-
dicates that these elements have the same migration
pathways. In nature, Cd occurs mainly in association with
Zn ores, among which sphalerite (ZnS), the dominant
mineral in the Sunyang Mine, is the primary geologic source
of Zn and Cd (Table 1) [55]. Given that Cd, Pb, and Zn are
anthropogenic inputs from the same contamination source
(mine tailing dumps), the results shown in Figures 3–5
suggest that the migration mechanism of Cd and Zn is
different from that of Pb and that As migration involves a
mechanism different from those of Cd, Pb, and Zn.

In addition to the erosion of mine tailings, another
pathway for metal(loid) dispersal from the mine tailings is
through the migration of soil pore water by downward
percolating rainwater and readjustment of the groundwater
table. Metals may also move upwards to the topsoil through

evaporation and osmotic suction [56]. Given that soil
metal(loid)s migrate only with the soil pore water, their
mobility can be strongly influenced by the adsorption
preferences between different types of soil minerals and the
dissolved metal(loid)s [57–60]. In general, the adsorption
preferences of soil minerals for metal(loid)s are known in the
order of Cr≥Pb≥Cu>Co>Zn>Ni≥Cd [61]. Because
mobility and adsorption preference are inversely related, Pb
has a lower mobility than Zn and Cd, which explains why Pb
hotspots occurred much closer to the mine than Zn and Cd
hotspots. )is finding is consistent with the results of col-
umn leaching tests performed in other studies, which
suggest that the Pb concentration in leaching solutions is
very low, even in mining-impacted soil containing high
concentrations of Pb [62–64].

Considering these behaviors, the dispersal of metal(loid)s
from mine tailings to nearby agricultural soils can be at-
tributed to two mechanisms with some varying details. )e
primary pathway of Pb, Cd, and Zn migration is the direct
dispersion of metal(loid)-bearing particles through erosion of
the mine tailings. Moreover, given its extremely low mobility
in soil, Pb mainly migrates via erosion, which is in good
agreement with the Pb distribution pattern observed in this
study, which also showed the best fit with the exponential
decay model. In contrast, Cd and Zn have higher mobility in
soil, which may explain their farther migration as compared
to Pb, along with the leachates of mine tailings and the soil
pore water in which they are dissolved. )erefore, the dis-
persal mechanisms for Cd and Zn are much more complex
than a simple erosion-induced dispersion. A similar
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Figure 5: Distributionmaps of (a) Pb, (b) Zn, (c) Cd, and (d) As in the agricultural soils of the study area.)e circle size indicates the relative
degree of metal(loid) concentrations.
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distribution pattern between Cd and Zn suggests that the soil
in the study site was clearly affected by tailing dumps
(Figures 3–5).)e similarity in the distribution patterns of Cd
and Zn in the soil during the metal(loid) dispersal processes
also validates the distribution patterns of Pb and As observed
in this study (Figure 3).

On the contrary, the spatial distribution of the As
concentration cannot be explained by the erosion of mine
tailings alone. As previously mentioned, another metal(loid)
migration pathway involves the infiltration of metal(loid)s
dissolved in the mine tailing leachates into the soil during
rainfall-runoff processes and migration to the surrounding
soils with the soil pore water. To examine the As transport
and dispersion characteristics, we investigated the geo-
chemical behaviors of As in the soil and groundwater
environment.

)e geochemical behavior of As differs completely from
that of other metal(loid)s because it undergoes various
geochemical processes, such as adsorption/desorption,
precipitation or coprecipitation, and oxidation/reduction
[65–68]. )ese processes change the forms of As, which
further changes its behavior in the environment and affects
its fixation or migration [68, 69]. In nature, As exists mainly
in the forms of arsenate [As(V)] and arsenite [As(III)].
Although the major factors responsible for its states have not
been clearly identified [68] thus far, the redox potential is
considered to be a key factor influencing the form and
migration of As [70]. Under oxidizing conditions, As exists
predominantly as As(V); however, under reducing condi-
tions with a low redox potential, arsenate is reduced to
As(III), which has higher toxicity and mobility [70–72].

Moreover, the mobility of As is enhanced by the re-
ductive dissolution of Fe/Mn (hydr)oxides under reducing
conditions [73, 74]. )is phenomenon can be attributed to
the fact that Fe/Mn (hydr)oxides in soil, which are present in
aerobic environments, absorb various trace elements con-
taining metal(loid)s in high concentrations [75, 76]. )is is
corroborated by the fact that the ore body of the abandoned
mine in the study area is a quartz vein containing Au and Ag,
including the sulfide mineral pyrite (Table 1); the mine
tailing dumps near the mine can be closely associated with
this sulfide mineral. Its main components are Fe and S,
which are regarded as the primary sink for As [77–79].

Metals with a constant valence under reducing condi-
tions, such as Cd, Pb, and Zn, are likely to have lower
mobility because they are immediately readsorbed by soil
oxides (e.g., aluminum (hydr)oxides and remaining Fe
(hydr)oxides), even under the reductive dissolution of Fe/
Mn (hydr)oxides [80]. Pinto et al. [81] reported that under
oxidizing conditions, Cd, Pb, and Zn in mine tailing soils
have much higher mobility as compared with reducing
conditions. In contrast, the valence of As is dependent on the
redox potential; therefore, it can be continuously released
into the soil pore water through reduction from As(V) to
As(III) and reductive dissolution of Fe/Mn (hydr)oxides.

Moreover, several studies have reported that the primary As
migration mechanism in soil and groundwater is associated
with the reductive dissolution of Fe(III) (hydr)oxides and a
consequent release of adsorbed and coprecipitated As
[82–87].

In the soil environment, the reduced state is developed in
a saturated soil layer beneath the groundwater table [70].)e
As concentration in groundwater may vary depending on
the depth of the groundwater table and alterations to the
flooding cycle [87]. More specifically, the groundwater level
rises closer to the surface through the rise of the ground-
water table, thereby facilitating the contact of groundwater
with the mine tailing dumps. If the groundwater table rises
up to the topsoil, the soil environment alters to a reduced
state, making it easier for As to be released into the pore
water through the processes of reduction from As(V) to
As(III) and reductive dissolution of Fe(III) (hydr)oxides.
Given that Korea experiences concentrated rainfall during a
specific period, the groundwater table may rise up to the
surface. In addition, most of the agricultural fields in the
study area are paddy fields (Figure 1), which are periodically
flooded and drained during the rice-growing season. Yun
et al. [34, 35] noted that As transported to paddy soil can
affect a wider area owing to the reducing conditions of the
paddy soil and the hydraulic characteristics. Moreover, in
this area, the traditional irrigation method is groundwater
pumping, which has been maintained even after the con-
struction of the reservoir in 1964 (Figure S1).)eAs released
from the mine tailing dumps to the soil and groundwater
environment migrates vertically and horizontally by vertical
and horizontal hydraulic gradients. Its concentration is
likely to increase in groundwater that flows longer and to a
wider area under reducing conditions, in which the As
mobility increases. Polizzotto et al. [88] reported that the
concentrations of As released from near-surface wetland
sediments to the groundwater tended to increase in pro-
portion to the period of time and distance traveled by the
groundwater. )e As input into agricultural fields through
groundwater pumping tends to remain in the topsoil due to
oxidation, adsorption, and coprecipitation under oxidizing
conditions in the topsoil layer [89].

Considering the geochemical behaviors of soil As and
the role of soil as the major sink for released metal(loid)s, the
groundwater circulation in the study area provides clues for
the observed characteristics in the As distribution.

As indicated in Figure 6, As, Cd, Pb, and Zn released to
the soil environment by processes other than the dispersion
pathways common to all metal(loid)s, i.e., by the wind- and
rainfall-driven erosion of mine tailings, are likely to have
different mobilities depending on the redox state. However,
As, driven by a substantially increased mobility owing to
reduction from As(V) to As(III) and reductive dissolution of
Fe(III) (hydr)oxides, can migrate to a wider area and, thus,
has a stronger impact on agricultural soils than Cd, Pb, and
Zn through groundwater cycling.
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5. Conclusions

In this study, we used field surveys and GIS mapping to
identify the distinct transport and dispersion characteristics
of different metal(loid)s by tracing the migration pathways
of As, Cd, Pb, and Zn from the mine tailing dumps of an
abandoned mine to nearby agricultural fields. )e results of
this study show a common migration pathway for As, Cd,
Pb, and Zn: direct dispersion of metal(loid)-bearing particles
in the tailings through the wind- and rainfall-driven erosion.
In addition, As, Cd, Pb, and Zn released to the soil envi-
ronment from the mine tailing dumps during rainfall-runoff
processes adopt different migration patterns. )e dispersion
and spatial distribution characteristics of these patterns are
dependent on the soil and groundwater environment as well
as the adsorption preferences of various soil minerals for
individual metal(loid)s. In particular, As can influence a
larger geographical area than do other metals owing to its
distinct geochemical behavior.

To efficiently manage and remediate the surrounding
agricultural fields that have been polluted by anthropogenic
sources, such as abandoned metal mines, the area of in-
fluence must first be accurately set for the environment
surrounding the anthropogenic source. However, in Korea,
pollution management and remediation activities are gen-
erally only conducted in agricultural fields that are within a
1-2 km radius of an abandoned mine. )e results of this
research clearly show that the existing distance, especially for

the area of influence of As, may be underestimated.
)erefore, special consideration should be given to the
migration behavior of As during the development of ap-
propriate soil remediation activities, such as soil manage-
ment, for agricultural soils contaminated by anthropogenic
metal(loid)s as a result of mining activities.
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Figure S1: overview of the pumping well for irrigation in the
study area. Figure S2: overview of the mine tailing dumps
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located in the study area. Figure S3: scatter diagrams of
metal(loid) concentrations in the agricultural soils (n� 162)
and increasing distance from the mine tailing dumps. Table
S1: total concentrations of metal(loid)s in the studied
samples of agricultural soils and their corresponding spatial
data. (Supplementary Materials)
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“Heavy metal distribution and chemical speciation in tailings
and soils around a Pb-Zn mine in Spain,” Journal of Envi-
ronmental Management, vol. 90, no. 2, pp. 1106–1116, 2009.

[5] M. N. Rashed, “Monitoring of contaminated toxic and heavy
metals, from mine tailings through age accumulation, in soil
and some wild plants at Southeast Egypt,” Journal of Haz-
ardous Materials, vol. 178, no. 1-3, pp. 739–746, 2010.
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,e present study was conducted to assess the contamination and health risk due to the presence of pesticides in fruits and
vegetables. A total of six vegetable samples, 3 fruit samples, 7 soil samples, and 6 water samples were collected from three different
sampling points. High-performance liquid chromatography using acetonitrile and water solvent system was employed for the
quantitative and qualitative analysis. ,e pesticides having the highest health risk in vegetables were Bifenthrin and Difeno-
conazole as their health risk index was found to be exceeding the cut off value of 1. Imidacloprid was found in all vegetable samples
but had no associated health risk, as all the health risk indices for imidacloprid were below the cut off value of 1. ,e pesticide
Glyphosate detected in only one sample had no health risk associated with it. Health risks in fruits were the highest for
Amamectin, Bifenthrin, and Difenoconazole and were crossing the threshold limit of 1.,e results reveal the health risk indices of
Bifenthrin and Difenoconazole range from 7.8 to 12.46 in vegetables and from 2.704 to 30.454 in fruits, hence, posing a serious
threat to human health. Amamectin, although detected in only fruit and water samples, had the highest health risk of 30.454.
Imidacloprid and Glyphosate found in every fruit sample had no associated health risk. ,e results revealed the presence of
pesticides in water, soil, fruit, and vegetable samples. Consumers utilizing these vegetables and fruits are under potential health
risks due to the presence of pesticides in soil and water. Practical Applications. In this study, an analytical method for detecting
pesticides in a variety of environmental matrices including fruits, vegetables, water, and the soil is presented and the health risk
associated with the presence of pesticides in a wide range of fruits and vegetables is assessed. It is highly significant because in
developing countries agricultural activities contribute majorly toward the total gross domestic product and pesticides are ex-
tensively used to control, prevent, devastate, and diminish any harmful pest that destroys crops.

1. Introduction

Economic growth and development is largely dependent
upon agriculture. It is the main source of living and income
in rural areas and it also ensures the availability of food in
rural and urban populations. Being the dominant sector of
the economy in Pakistan, its GDP contribution in Pakistan
for the year 2019 is 18.53% [1]. Agrochemicals are intensively
used globally. Developing countries have been using 108
kinds of insecticides, 30 kinds of fungicides, 39 kinds of
weedicides, 5 kinds of acaricides, and 6 different kinds of
rodenticides [2]. Food is the main route of exposure through
which pesticide contamination can be caused. Exposure to
pesticides through consumption of food is considered to be
five times higher in magnitude as compared to other

exposures like air and water [3]. According to the World
Health Organization, fruits and vegetables are the most
commonly consumed food group, and on average, 30% of
food consumption is based on fruits and vegetables.
Moreover, because fruit and vegetables are primarily con-
sumed raw or semiprocessed, it is expected that they contain
higher amounts of pesticide residue levels in comparison to
other food groups of plant origin, such as bread and other
foodstuffs based on cereal processing [4].

Pesticides due to their persistent nature, toxic properties,
bioaccumulation, lipophilicity, and adverse impacts on
human health are of greater concern. ,ese pesticides can
enter the human body through the consumption of con-
taminated fruits and vegetables. ,e major health impacts
associated with pesticides include cancers, birth defects,
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neurological disorders, endocrine disruptors, and repro-
ductive effects. ,e effect of a pesticide is determined by the
duration of exposure and toxicity of a particular pesticide.
,e effects which can be caused are either acute or chronic.
Acute effects can result in rashes, diarrhea, dizziness, rashes,
and blindness. Chronic health impacts include cancers,
reproductive effects, thyroid, and endocrine disruption [5].
Due to the potential health risks associated with pesticide
consumption, continuous monitoring of fruits and vegeta-
bles is required. After their use on vegetables and fruits, there
is no proper preharvest time frame followed because of their
high market demand and less knowledge about toxic effects
of pesticides which can be caused on human health after the
consumption of these contaminated foods.

,e residual level of pesticides is examined through the
maximum residual limit which is based on the analysis of
pesticide residues left behind on the food products [6]. ,e
Maximum Residue Limit (MRL) is the maximum amount of
pesticide which can be present in the food at the time of its
sale. ,ese limits are expressed as mg/kg. ,ese pesticide
limits are established by the national governments which
ensure that good agricultural practices are being pursued to
standardize international trade [7]. ,ese limits are used as
indicators of health risks and assure food safety to con-
sumers. Health safety limits for human health are usually
expressed as acceptable daily intake ADI. ,e standard
method to calculate human exposure with pesticides is based
on the average consumption per person per day, average
adult weight, and pesticide residue data [8]. ,e objective of
the study is to provide an analytical method for detecting
pesticides in a variety of environmental matrices including
fruits, vegetables, water, and soil and also to assess the health
risk associated with the presence of pesticides in a wide range
of fruits and vegetables.

2. Materials and Methods

2.1. Primary Data Collection. Initially, primary data was
collected, studied, and revised from selected agricultural
areas of Lahore. After the extraction of relevant information,
detailed visits were planned. ,e information gathered from
field visits was about the types of fruits and vegetables grown,
pesticides used in that area, and reasons and frequency of
pesticides used in that area.

2.2. Collection of Samples. ,ree types of samples were
collected from the agricultural areas of Lahore. Fresh fruits
and vegetables were acquired from agricultural fields before
sending them to the markets. Samples of vegetables, fruits,
and soil were obtained in labeled polythene bags and were
quickly transported to the laboratory for analysis. ,e water
samples used for irrigation purposes were collected from
market Raiwind, badian, and market area in autoclaved
bottles. Controlled samples for each vegetable, fruit, soil
sample, and wastewater were also collected for the com-
parative analysis (t was taken from the farm where no
pesticides are used). All samples were kept at room tem-
perature and transported to Kinnaird College’s

Environmental Science Laboratory for experimentation.
Table 1 shows the sample type and sampling location of
different samples.

2.3. Selection of Pesticides. On the basis of primary data, field
surveys and interviews with farmers concerning the type,
amount, and frequency of pesticides that are sprayed on the
sites were conducted. ,e farmers were found spraying
pesticides in selected agricultural sampling areas. ,e pes-
ticides selected were Glyphosate, Bifenthrin, Amamectin,
Imidacloprid, Difenoconazole, Dichlorvos, and Lambda.

2.4. ExperimentalChemical,Apparatus, and Instrumentation.
HPLC grade chemicals, i.e., ethyl acetate, dichloromethane,
methanol, sodium chloride, sodium anhydrous sulphate,
acetonitrile, and distilled water, were used in the experiment.
,e main apparatus and equipment used in the experiment
were magnetic stirrer, rotary evaporator, and high-perfor-
mance liquid chromatography (UV-Visible).

2.4.1. Sample Preparation and Pretreatment. ,e samples of
fruits, vegetables, and soil were prepared for the determi-
nation of pesticides. ,e samples were pretreated for run-
ning before being analyzed by high-performance liquid
chromatography. Fruit and vegetable samples were chopped,
air-dried for 4–5 days, and then ground into a fine powder
form prior to extraction. Soil samples were also air-dried and
crushed into a fine powder.

2.4.2. Preparation of Vegetable and Fruit Samples. 2 g of air-
dried and finely ground fruit and vegetable sample was taken
in a beaker and mixed with 40ml of ethyl acetate, 40ml of
dichloromethane (DCM), 150ml of distilled water, and 5 g
of NaCI on a magnetic stirrer. ,is mixture was then
transferred to separating funnel and allowed to stand for 30
minutes until two layers were formed. ,e lower layer
(organic layer) was collected in a beaker. 40ml of ethyl
acetate: DCM (1 :1) was added additionally in the upper
layer. ,e lower organic layer when formed was collected
and mixed with the previous organic layer. ,e same ex-
traction process was repeated for all fruit and vegetable
samples.

2.4.3. Preparation of Soil Sample. 5 g of air-dried and finely
ground soil sample was taken in a beaker and followed by the
addition of 40ml of dichloromethane (DCM), 40ml ethyl
acetate, and 200ml of distilled water.,emixture was placed
on a magnetic stirrer for 15 minutes to get a homogenous
mixture.,en, it was shifted into a separating funnel to allow
the separation of the organic layer from the aqueous layer.
When both layers got separated, the organic layer was
collected in a beaker. 20ml of ehty1 acetate and dichloro-
methane each was added again into the aqueous layer. After
10 minutes, both organic layers were mixed. ,is extraction
procedure was repeated for all soil samples.
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2.4.4. Preparation of Water Samples. 200ml of water sample
along with 40ml of ethy1 acetate and 40ml of dichloro-
methane was taken in a beaker and allowed to mix for 15
minutes on a magnetic stirrer. ,e mixture of wastewater and
organic solvents was then transferred into a separating funnel
for 30 minutes and was allowed to separate. ,e organic layer
was taken in a beaker after 30 minutes so that organic layers
separate from the aqueous layer. ,e lower layer which is the
organic layer was collected and the upper layer was followed
by the addition of 20ml of ethy1 acetate and 20ml of DCM
again. After 10 minutes of stay, the organic layer was again
collected andmixed with the previous organic layer.,e same
process was repeated for all wastewater samples.

2.4.5. Dehydration. To ensure the removal of any water
vapors from the organic layer, 20 gm of sodium sulphate was
added in each sample. ,emixture was then filtered through
Whitman filter paper. ,e solvent from the mixture was
evaporated in a rotary evaporator at 40°C, and leftover
residues were collected by adding 20ml of methanol. For
fruit samples, 10 gm of sodium sulphate was used (Figure 1).

2.4.6. Preparation of Standards. Seven pesticides, i.e.,
Amamectin, Bifenthrin, Dichlorvos, Glyphosate,

Imidacloprid, Difenoconazole, and Lambda standard stock
solution, were prepared by perusing the same procedure as
for sample preparation with the only difference in the
amount of sample and solvent. For all the standards, 1mg of
the compound was mixed with 30ml of distilled water and
30ml of solvents with no addition of NaCl. ,en, 5ml of
methanol of HPLC grade was added.

2.4.7. High-Performance Liquid Chromatography (HPLC)
Analysis. In the prepared samples and standard vials, 15ml
of methanol was added to completely fill the vials. We wash
the HPLC vials with distilled water and methanol and fill the
prepared samples and standards in HPLC Agilent 1260,
Quaternary Gradient System, set at chromatographic
conditions.

,e solution obtained after extraction and cleanup was
diluted by adding 5ml to 7ml of methanol in 0.5ml of
sample based on the consistency of the sample and desired
color acquired. For dark colored samples, 7ml of methanol
was added, and for light-colored samples, 5ml of methanol
was added; each dilution was injected in the HPLC system
equipped with Diode UV/V is detector set at 254 nm. C18
Licospher column was used with an acetonitrile: water (40 :
60) mobile phase at a flow rate of 1.0ml/min at 25°C column
temperature. ,e injection volume was 5.000 μl.

Table 1: Mean concentration of detected pesticides.

Samples Samples
names

Sample
location

Amamectin
(ppm)

Bifenthrin
(ppm)

Dichlorvos
(ppm)

Glyphosate
(ppm)

Imidacloprid
(ppm)

Lambda
(ppm)

Fruits

Grape fruit Market — — — 0.7451 — —
Badian — — — 6.1576 — —

Guava
Market 2.1247 1.3527 2.0926 0.5082 — —
Badian — — — — — —
Raiwind — — — 0.2576 0.0091 —

Orange
Market — 2.2250 — 0.5705 — —
Badian — — 1.4352 — —
Raiwind — — — 1.1016 — —

Soil samples

Carrot Badian — 0.7289 — — — —
Grape fruit Badian — 0.2324 — — — —

Guava Badian — 28.1500 — — — —
Raiwind — — — — — —

Orange Badian — 0.2057 — — — —
Raiwind — — — — — —

Spinach Badian — 0.2443 — — — —
Turnip Badian — — — — — —

Vegetables

Carrot Market — — — 0.2892 — —
Badian — 13.5772 — — — —

Spinach Market — — — — — —
Badian — 21.6753 — — — —

Turnip Market — — — 0.9306 — —
Badian — — — — 0.0063 —

Water
samples

Carrot Badian 0.5495 — 0.5412 0.4593 — —
Grape fruit Badian 0.4541 — 0.4472 — 0.0054 —

Guava Badian 0.3304 — 0.3254 — — —
Raiwind — — — — — —

Orange Badian 14.2435 — 14.0286 — — —
Raiwind — — — — — —

Spinach Badian — — — — — —
Turnip Badian — 0.4185 — — — —
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2.5. Quality Assurance andMethod Validation. Each sample
and standard was run in triplicate for quality assurance
following the European commission guidelines. For method
validation, optimization studies were performed in triplicate
on each HPLC parameter like solvent ratio, pH, column
temperature, sample/injection volume, flow rate, wavelength
and post time, etc. System sensitivity, linearity, and peak area
reproducibility were also evaluated. For precision in opti-
mization, only one parameter was changed once keeping all
other parameters constant. ,e recovery of pesticides was
determined by spiking with a standard pesticide aqueous
solution. For accuracy measurement, the actual spiked
values of samples were compared with the samples with
known concentrations of respective pesticides. Calibration
experiments were tested for linearity, accuracy, and preci-
sion. ,e limit of detection and the limit of quantification
were considered as “an individual analytical procedure is the
lowest amount of analyte in a sample which can be detected
but not necessarily quantified as an exact value” and “an
individual analytical procedure is the lowest amount of
analyte in a sample which can be quantitatively determined
with suitable precision and accuracy.” ,e limit of detection
(3 :1) and limit of quantification (10 :1) were calculated as a
signal-to-noise ratio. In the current study, LOD was 0.01
while LOQ was 0.03mg/L, respectively, for the selected
pesticides.

2.6. Qualitative and Quantitative Analysis. After the quali-
tative assessment of the presence of pesticides in each
sample, quantitative analysis was carried out to calculate the
quantity of detected pesticides. For this purpose, the fol-
lowing formulas formulated by CHROMacademy were used:

response factor �
peak area of standard
standard amount

. (1)

,e concentration of the analyte in each sample will be
calculated by

amount of analyte �
peak area of sample
response factor

. (2)

2.7. Health Risk Assessment. ,e degree of risk associated
with the consumption of each pesticide detected was moni-
tored by evaluating the results of pesticide residues detected in
samples. ,e health risk index was found by using EDI and
ADI. ADI was used from literature studies. ,e EDI was
calculated by multiplying the average consumption of a
person per day (kg/day) and residual concentration of pes-
ticide (mg/kg) and dividing by the average weight of an Asian
(60 kg). ,e average consumption of fruit and vegetables for
adults was considered 0.43 and 0.345 kg/person/day
according to the field survey. ,e health risk index for each
pesticide was calculated using the following formula [9]:

health risk index �
estimated daily intake
acceptable daily intake

,

EDI �
concentration of detected pesticidex food consumption

body weight of an adult
.

(3)

Figure 1: Map of the study area.
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3. Results and Discussion

,e presence of pesticides in samples was confirmed by
comparing the standard chromatogram with the sample
chromatogram. According to the results obtained, six pes-
ticides were detected in different samples of fruits, vegeta-
bles, soil, and water. Detected pesticides were Amamectin,
Bifenthrin, Dichlorvos, Glyphosate, Imidacloprid, and
Difenoconazole. One of the pesticides Lambda was not
detected in any sample.

Amamectin was present in guava samples. ,e general
practice of farmers is to spray the fruit or vegetable with
pesticides before sending them to the market to increase its
shelf life. However, the pesticides are also absorbed from the
soil and water as they were found to be present in samples.
,e peak of the sample chromatogram is in accordance with
the peak of the standard chromatogram. ,e analysis has
also revealed the presence of Amamectin in water samples of
orange, guava, grapefruit, and carrot. Among all these, the
water which is used for orange contained the maximum
amount of Amamectin as compared to all other samples.,e
reason behind this could be that the water was standing and
it also absorbs the pesticides from the soil and its envi-
ronment. Another possibility is that the water used for ir-
rigation was already toxic and mixed with the pollutants.
However, only fruit and water samples had Amamectin but
it was not present in vegetable or soil samples. It is dan-
gerous for human health because it can damage the nerve
cells of our human body and also affects the muscle cells, so
the farmers should be very careful while the application of
this pesticide. Glyphosate commonly used as a fungicide and
is used to control weeds and/or herbs in agricultural fields.
Glyphosate was detected in orange samples. Both samples of
grapefruit obtained contained Glyphosate. Two samples of
guava also contained the residues of Glyphosate. In vegetable
samples, carrot and turnip had the residues. In water
samples, only carrot water had the residue of Glyphosate. It
was not present in any soil sample. Human health is affected
if too much pesticide is used as pesticides are not good for
health at all and can cause cancer [10]. Imidacloprid is
commonly used as an insecticide to control pests in agri-
cultural fields. ,e peak was used as the diagnostic peak of
Glyphosate in fruit, vegetable, and soil samples. ,e con-
centration of Imidacloprid was detected in spinach, bitter
gourd, mustard plant, beetroot, guava, and soil samples. ,e
concentration of Imidacloprid in samples was 6.667, 3.374,
1.9643, 1.2902, 2.392, and 8.3090mg/kg, respectively. ,e
permissible limit of Imidacloprid for beetroot is 0.5mg/kg.
,is pesticide was also present in one water sample of
grapefruit. It is known as persistent in nature and persists in
soil. Health effects associated with its consumption include
neurotoxicity, reproductive, and mutagenic health effects
[11].

Another pesticide whose concentration was detected in
samples was Difenoconazole. It is used as a fungicide for
disease control in fruits, vegetables, and crops. It is a broad-
spectrum nitrogen-containing fungicide that belongs to the
group of triazole [12]. Difenoconazole was detected in two
fruit samples, i.e., orange and guava, and one vegetable

sample, mustard plant.,e concentration of Difenoconazole
in oranges, guavas, and lemons was 3.4680mg/kg,
12.264mg/kg, and 433.162mg/kg, respectively. ,e per-
missible limits prescribed by the MRLs for orange and guava
and lemon are 0.6mg/kg, 0.8mg/kg, and 0.8mg/kg, re-
spectively. ,e residual concentration of Difenoconazole in
oranges and guavas was 578 and 1533 times higher than the
permissible limit. ,e concentration of Difenoconazole in
the mustard plant was 15.2899mg/kg. ,e permissible limit
for the mustard plant according to MRLs was 2mg/kg. ,e
residual amount of Difenoconazole in the mustard plant was
794 times higher than the permissible limits. ,e concen-
tration of Difenoconazole in soil was 23.0855mg/kg.
However, the MRLs for the concentration of Difenoconazole
in soil samples are not available. Difenoconazole is known
for its high persistence in the soil. Hence, the residual
amount of Difenoconazole in fruit and vegetable samples is
associated with their high persistence in soil. Consumption
of foods containing Difenoconazole above the permissible
limits can cause serious health implications including car-
cinogenicity, decreased human fertility, and neurotoxicity,
reproductive, developmental, and acute toxicity [13]
Bifenthrin is a pyrethroid compound used as an effective
pesticide used for agricultural fields, fruits, and vegetable
pest control. However, the peaks of a few samples of fruits,
vegetables, soil, and water were similar to those of standard
peaks of Bifenthrin.,e results reveal that fruits like oranges
and guavas contained Bifenthrin. ,e concentrations in
oranges and guavas collected from different areas were
2.225mg/kg, 1.452 mg/kg, 4.475mg/kg, and 3.37749mg/kg,
respectively.,e standard limits of this insecticide according
to MRLs in oranges and guavas are 0.05 and 0.03mg/kg,
respectively. ,e concentration of Bifenthrin in both fruit
samples was higher in comparison with WTO and MRLS.
Vegetables especially carrots, mustard plants, and spinach
collected from different sources had the highest levels of
Bifenthrin as it was 13.57mg/kg, 1.7612mg/kg, and
21.67mg/kg, respectively. In soil samples, orange and guava
soil samples did not have any residue of Bifenthrin. Both
samples of guavas and oranges were exceeding the Maxi-
mum Residue Limits (MRLs). ,ey were much higher than
the permissible level. However, the soil samples of grape-
fruits, oranges, guavas, carrots, and spinach all contained the
residues of Bifenthrin. Among all guavas, the soil had the
maximum residue up to 28.15mg/kg which is very high.
Only one sample of water of turnip had some residue of
Bifenthrin. ,e reason for its presence in fruits, vegetables,
and the soil is due to its ability of bioaccumulation and high
persistence in environmental matrices. Long persistency of
Bifenthrin under aerobic and anaerobic conditions has been
observed by many researchers. ,e degradation rate of
Bifenthrin in the soil is very much slower due to its half-life
which varies from 8 to 17 months at 20°C [14]. It is
transported to fruits and vegetables through contaminated
soil; due to its high toxicity and adverse health impacts, it is
banned in various countries. It is dangerous for human
health as it belongs to the pyrethroid family. Health im-
plications linked with the exposure to Bifenthrin include
irritation, headache, dizziness, nausea, allergies, asthma,

Journal of Chemistry 5



nasal discharge, bronchitis, sinusitis, and sneezing. It affects
the nervous system of a human being. It is also carcinogenic
in the long run [15]. Dichlorvos belongs to the organo-
phosphate group; it was detected only in one sample of fruit,
i.e., guavas. Other than that, it was present in most of the
water samples, i.e., orange, guava, grapefruit, and carrot
water. Canal water is used for irrigation and there is a
possibility that it is contaminated with the industrial ef-
fluents. It also affects the nervous system and inhibits the
choline esterase enzymes in the nervous system. Long-term
exposure can cause endocrine disruption and weaken the
immune system. Short-term exposure will cause headaches,
fatigue, loss of memory, and convulsions.

3.1. Risk Assessment. To estimate the degree of risk which
can be caused by the detected pesticide residues in samples,
an exposure analysis was carried out by monitoring the
results. Risk assessment was calculated by using EDI and
ADI. EDI was calculated by average consumption per person
per day and pesticide residue data. ,e percent EDI to ADI
ratio was calculated by multiplying it with the average body
weight of 60 kg [8]. ,e EDI for vegetables and fruits was
0.45 and 0.43, respectively. Hazard index for Difenoconazole
in mustard plants, oranges, and guavas was 8.7916, 2.485,
and 8.789, respectively. Hazard index for Bifenthrin in
spinach, carrots, oranges, and guavas was 7.8, 12.46, 3.2, and
2.704, respectively. ,e hazard index for Amamectin in
guavas was 30.454. In all of the above three pesticides
(Difenoconazole, Bifenthrin, and Glyphosate), health risk
was high. Results exceeding the cut-off value of 1 indicate the
potential health risk. Pesticides like Imidacloprid and

Glyphosate had no potential health risk due to the values
below the cut-off limit of 1. ,e results indicate that even in
some samples the pesticide residual concentration was ex-
ceeding the maximum residual levels but had no associated
health risks (Table 2).

4. Conclusions and Recommendations

,e use of pesticides has greatly enhanced agricultural
production. But this is only one side of the coin; the other
side showed that the presence of these pesticides has resulted
in serious threats to human health and the environment.
,is study reveals the presence of pesticides in fruits and
vegetables exceeding the MRLs. Pesticides such as Bifen-
thrin, Amamectin, and Difenoconazole pose significant
health risk toward consumers as their health risk indices
were above the cut-off value of 1.,e results reveal the health
risk indices of Bifenthrin and Difenoconazole ranging from
7.8 to 12.46 in vegetables and from 2.704 to 30.454 in fruits,
hence, posing a serious threat to human health. In devel-
oping countries like Pakistan, some legal measures should be
taken in order to monitor the pesticide residues in fruits and
vegetables because of potential health risks and to accom-
plish the standards and to make the products safely con-
sumable by the consumers. It is also recommended that in
future studies the risk for child and expectingmothers can be
calculated.

Data Availability

,e data used to support the findings of this study are
available from the corresponding author upon request.

Table 2: Health risk assessment of pesticide residues in sample fruits and vegetables.
Sample type Type of pesticides ADI (mg/kg/d) EDI (mg/kg/d) Sample name HRI Health risk

Vegetable samples

Bifenthrin 0.01 0.45
Spinach 1 7.8 Yes
Carrot 12.46 Yes

Spinach 2 1.01269 Yes

Imidacloprid 0.06 0.45

Mustard plant 0.1881 No
Spinach 1 0.6389 No
Beet root 0.1236 No

Bitter gourd 0.3233 No
Turnip 0.891 No

Difenoconazole 0.01 0.45 Mustard plant 8.7916 Yes
Glyphosate 0.3 0.45 Carrot 0.0055 No

Fruit samples

Bifenthrin 0.01 0.43

Orange 1 1.594 Yes
Guava 1 0.96 No
Orange 2 3.2 Yes
Guava 2 2.704 Yes

Imidacloprid 0.06 0.43 Guava 1 0.001 No
Guava 2 0.285 No

Difenoconazole 0.01 0.43 Orange 2.485 Yes
Guava 8.789 Yes

Amamectin 0.0005 0.43 Guava 30.454 Yes

Glyphosate 0.3 0.43

Grapefruit 0.0177 No
Guava 1 0.0121 No
Orange 1 0.0136 No
Orange 2 0.0342 No
Orange 3 0.2427 No
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.e roles of Al2O3 nanoparticles on the removal of carbamazepine (CBZ) by Chlorella vulgaris immobilized in sodium alginate gel
beads were for the first time investigated. .e optimum conditions to prepare immobilized C. vulgaris beads with addition of
Al2O3 nanoparticles were determined as follows: C. vulgaris density was 3.0×106 cells for 1mL sodium alginate solution, Al2O3
nanoparticle concentration was 0.5 g/L, and concentrations of sodium alginate and CaCl2 were 1.6% and 1%, respectively. .e
results showed that the proposed algae beads achieved the highest CBZ removal rate of 89.6% after 4 days of treatment, relative to
68.84%, 48.56%, and 17.76% in sodium alginate-immobilized C. vulgaris, free microalgae, and Al2O3 nanoparticle alginate beads,
respectively. .e results also showed that the CBZ removal rate increased with more proposed algae beads, while decreased with
increased bead diameter. .e algae beads exhibited excellent CBZ removal ability even after three recycles. .is work provided an
economical and effective approach to remove CBZ from water.

1. Introduction

.e presence of pharmaceutical and personal care products
(PPCPs) in surface water has been well documented in recent
years [1–4]. Carbamazepine (CBZ) as an important species of
PPCPs is widely used for the treatment of epilepsy and neu-
ralgia. As early as in 1997, the consumption of CBZ had
reached 6.33 tons per year in Austria [4]. After being con-
sumed, CBZ is predominantly metabolized in the liver, and 2-
3% of the given dose would be excreted via urine in its original
form [5]. .e excreted CBZ was suspected to enter rivers,
streams, and surface waters through the effluent of waste water
treatment plants due to its low removal efficiency [6–8]. .e
accumulation of CBZ in surface wasters was found to pose a
great threat for aquatic environment and human health [9–11].

Owing to high photosynthesis efficiency and removal
efficiency towards CBZ, microalgae are considered to be one

of the most promising ways to polish CBZ-contaminated
water [12–14]. It was revealed that immobilized microalgae
demonstrated higher resistance to hazardous materials and
faster reaction kinetics relative to free microalgae because of
the higher cell density [15,16]. However, immobilization
with traditional carriers such as sodium alginate has the
disadvantage of poor mass transfer process [17–19]. Because
of the large specific surface area and perfect biocompati-
bility, addition of nanoparticles to a sodium alginate-
immobilized microalgae system demonstrated promising
advantage to promote the contact between immobilized
microorganisms and pollutants [20–22].

Al2O3 nanoparticles possess high specific surface area
and surface energy, which provided sufficient space for the
immobilized microorganism and promoted the contact of
the microorganism and the pollutant and thus enhanced the
removal efficiency of pollutants [23]. In the current study,
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Al2O3 nanoparticles were adopted as additives into sodium
alginate-immobilized C. vulgaris (termed as ANFICV) for
the purpose of promoting the removal of CBZ.

2. Materials and Methods

2.1. Chemicals and Reagents. CBZ (purity≥ 98%) and Al2O3
nanoparticles (purity≥ 99.99%) were purchased from
Aladdin Industrial Corporation (California, USA), and
methanol (HPLC grade) was provided by Fisher Chemical
(USA). All the other chemicals used in this study were of
analytical grade.

2.2. Microalgae Cultures. .e C. vulgaris was purchased
from the Institute of Hydrobiology, Chinese Academy of
Sciences. .e microalga was cultivated with the autoclaved
BG11 medium in an Erlenmeyer flask under illumination at
28°C and with a light/dark period of 18 h/6 h [24]. Fluo-
rescent lamps (36W; Lifemax Super 80, Philips, Shanghai,
China) were employed as the light source.

2.3. Immobilization of C. vulgaris. ANFICV was prepared
according to previous studies [25, 26]. C. vulgaris in the
logarithmic growth phase was harvested by centrifuging at
4500 rpm for 5min. .e cell residues were washed with
distilled water and then resuspended in the BG11medium to
form a microalgae solution with high cell density. Both
Al2O3 nanoparticles and the resuspended C. vulgaris were
added to the sodium alginate solution and thenmixed evenly
in 100ml Erlenmeyer flasks, resulting in a volume of 30mL.
After that, the BG11 medium was added to the resulted
mixture. .e mixture was then added to the CaCl2 solution
drop by drop with a syringe to form immobilized beads.
Beads without C. vulgaris cells or Al2O3 nanoparticles were
prepared to carry out control experiments. .e prepared
beads were washed with sterile distilled water and stored at
4°C for further experiments.

To gain optimal immobilization condition, the micro-
algae density and concentration of Al2O3 nanoparticles,
CaCl2, and sodium alginate were adopted as factors to design
a four-factor and three-level orthogonal experiment L9(34)
(Table 1).

2.4. Determination of Cell Density in ANFICV. .e cell
density of suspended C. vulgaris was determined at the
wavelength of 680 nm by an F-4600 spectrophotometer
(Hitachi, Japan). Optical density was converted to cell
density using a previously prepared calibration curve. Cell
density in ANFICVwasmeasured as follows: ANFICV beads
were dissolved in 50 g/L sodium citrate solution and then
centrifuged at 4500 rpm for 10min, and the cell residues
were resuspended in BG11 for the subsequent optical density
determination [27].

2.5. Determination of CBZ. .e concentration of CBZ was
determined by high pressure liquid chromatography
(HPLC) equipped with a UV-VIS detector (LC-20,

Shimadzu, Japan) [28, 29]. Prior to analysis, the samples
were filtrated through a 0.22 μm membrane filter (Bandao,
China) and then injected into a C18 column
(250mm× 4.6mm, 5 μm, Shimadzu, Japan), maintaining a
column temperature of 30°C and a pressure of 25MPa. .e
mobile phase was the mixture of HPLC grade methanol and
water (65 : 35 v/v) and was introduced into the C18 column
at a flow rate of 1mL/min. .e CBZ in the column effluent
was detected at 285 nm.

2.6. Statistical Analysis. .e experiments were carried out in
triplicates, and data were processed by OriginPro8.0 and the
statistical software package of SPSS (Ver.19.0). One-way
analysis of variance was performed to determine the sig-
nificant difference between means (n� 3) at a significant
level of P< 0.05.

3. Results and Discussion

3.1. Optimization of ANFICV Preparation. An orthogonal
experiment was carried out in order to determine the op-
timal factors to prepare ANFICV (Table 2). It was dem-
onstrated that A3B2C3D1 achieved the best results towards
CBZ removal, for which Al2O3 nanoparticle concentration
was determined as 0.5 g/L, sodium alginate concentration as
1.6%, the density of microalga cell as 3.0×106 cell/mL, and
the CaCl2 concentration as 1%. Under such conditions, the
removal efficiency of CBZ reached 94.68± 0.81% after 5 days;
meanwhile, the mechanical strength of the ANFICV bead
was the best. According to the range value (R), the con-
centration of CaCl2 was the most important factor for the
removal of CBZ, followed by microalgae density, the con-
centration of Al2O3 nanoparticles, and sodium alginate
concentration.

3.2. Al2O3 Nanoparticles Promoted the Growth of
Immobilized Microalgae. .e specific surface area was
measured by an automatic specific surface area and porosity
analyzer (ASAP2020, Micromeritics Instrument Corporation,
USA). .e results showed that the specific surface area of the
beads prepared by the sodium alginate alone was 2.64m2/g,
which was increased to 3.57m2/g with the addition of Al2O3
nanoparticles. .e effect of addition of Al2O3 nanoparticles
into sodium alginate-immobilized beads on the growth of
microalgae was evaluated through determining the cell density
of the microalgae. It was demonstrated that the difference in
cell density was enlarged over inoculation time (P< 0.05).
After 5 days inoculation, the cell density with Al2O3 nano-
particles was determined as 4.80×106 cells/mL, larger than
4.21× 106 cells/mL with no addition of Al2O3 nanoparticles
(Figure 1). .e results confirmed that Al2O3 nanoparticles
could effectively promote the metabolism of C. vulgaris.

3.3. ANFICV Enhanced the Removal Efficiency of CBZ.
.e removal of CBZ from water by ANFICV and three
control treatments (sodium alginate-immobilized C. vul-
garis, free algae, and Al2O3 nanoparticles alginate bead) was
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compared. It was illustrated that the concentration of CBZ
decreased rapidly on the first day for ANFICV and sodium
alginate-immobilized microalgae beads, followed by free
microalgae and Al2O3 nanoparticle alginate beads (Figure 2).
It might be related to the strong adsorption of CBZ by the
alginate bead and C. vulgaris. .e concentration of CBZ in
water decreased slightly in Al2O3 nanoparticle alginate beads
over time probably due to the saturated adsorption of CZB.

With prolonged treatment, the concentration of CBZ
decreased continuously and the treatment efficiency for
ANFICV, sodium alginate-immobilized C. vulgaris, and free
C. vulgaris became larger and larger (P< 0.05). After 4 days
of treatment, the CBZ concentration decreased from 100 to
10.40± 3.01mg/L treated by ANFICV, followed by
31.16± 10.69mg/L and 51.44± 2.91mg/L for sodium algi-
nate-immobilized C. vulgaris and free algae, respectively,

Table 2: Orthogonal experimental results.

Group number
Factor level

Removal efficiency (%) Strength
A B C D

1 0.5 1.0 1 1 82.43± 1.49 +
2 0.5 1.6 2 2 82.66± 2.99 ++
3 0.5 2.4 3 3 78.53± 0.80 +++
4 1.0 1.0 3 2 90.28± 0.51 +
5 1.0 1.6 1 3 80.97± 0.28 ++
6 1.0 2.4 2 1 89.78± 5.18 +++
7 1.5 1.0 2 3 76.36± 0.78 +
8 1.5 1.6 3 13 94.68± 0.81 +++
9 1.5 2.4 1 2 78.58± 0.93 ++
K1 78.79 89.29 89.92 90.92
K2 79.45 81.63 77.35 80.39
K3 86.34 83.28 69.41 65.31
R 5.800 3.806 7.168 9.215
.e number of “+” indicates the level of mechanical strength of the prepared microalgae beads. More “+” means higher level. K1, K2, and K3 represent the
value of CBZ removal under different factors at leve1, 2, and 3, respectively. R represents the range of CBZ removal under different factors.
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Table 1: Factors and levels of the orthogonal experiment design.

Levels Factor A Factor B Factor C Factor D
Al2O3 nanoparticles (g/L) Sodium alginate concentration (%) Microalgae density (cell/ml) CaCl2 concentration (%)

1 0.5 1 1× 106 1
2 1.0 1.6 2×106 2
3 1.5 2.4 3×106 3
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while it was decreased to 82.34± 5.08mg/L for Al2O3
nanoparticle alginate beads..e largest removal efficiency of
CBZ by ANFICV might be because of the promoted
metabolism of C. vulgaris caused by the addition of Al2O3
nanoparticles, as well as the adsorption of CBZ by Al2O3
nanoparticles.

3.4. Effect of Initial Concentration on CBZ Removal. .e
effect of initial concentration of CBZ on the removal
efficiency by ANFICV was evaluated. It was observed that
the removal efficiency of CBZ decreased with increased
CBZ concentration (Figure 3). .e removal efficiency of
CBZ for 4 days of treatment by ANFICV reached
86.73 ± 3.06% for an initial concentration of 40mg/L,
which was reduced to 72.83 ± 3.46%, 65.29 ± 3.57%, and
65.25 ± 2.75% for 80, 120, and 160mg/L CBZ, respectively.
.e result showed the removal efficiency of CBZ decreases
with the increase in initial concentration (P< 0.05). .e
reason might be that the increase in CBZ concentration
inhibited the growth and the physiological characteristics
of C. vulgaris, especially when the concentration of CBZ
was increased to 160mg/L.

3.5. Effect of ANFICV Bead Diameter on CBZ Removal.
Bead diameter could affect the mass transfer performance
of the bead, which in turn affects pollutant absorption by
the microorganism immobilized within the bead [30]. In
order to investigate the effect of bead size on CBZ removal
by ANFICV, three bead diameters of 6mm (big bead),
4mm (middle bead), and 2mm (small bead) were prepared
with the same Al2O3 nanoparticles concentration, C. vul-
garis cell density, and sodium alginate. It was shown that
the bead diameter significantly affected the removal of
CBZ, and its effects were enlarged over time (P< 0.05).
After 4 days of inoculation, the concentration of CBZ
reduced from 100 to 60.02 ± 7.93mg/L with big beads,
which was 16.89mg/L higher than that for middle beads
and was 5.91 times of that for small beads (Figure 4). .e
larger removal efficiency of CBZ by the smaller bead might
be because the smaller bead could result in a larger surface/
volume ratio, which was beneficial for microalgae to obtain
light and pollutant.

3.6. Effect of ANFICV Bead Dosage on CBZ Removal.
Moreover, the present research evaluated the effects of
the ANFICV bead dosage on the removal of CBZ. .e
results showed that the concentration of CBZ was re-
duced from 100mg/L to 50.14 ± 3.54 mg/L when 100
ANFICV beads were adopted (Figure 5). It was further
decreased to 38.77 ± 4.40 mg/L, 21.71 ± 5.43 mg/L, and
7.44 ± 2.42 mg/L when the dosage of ANFICV bead was
increased to 300, 500, and 700, respectively. .e pro-
moted removal performance of CBZ with increased
ANFICV dosage might be mainly because more ANFICV
beads could increase the number of microalgae cells to

remove CBZ, and it could also increase the quantity of
ANFICV to absorb CBZ.

3.7. Effect of Recycling Times on the Performance of CBZ
Removal. .e recycling of ANFICV bead can significantly
reduce the cost and promote its practical application. .e
effect of recycling times of the ANFICV bead on the removal
efficiency of CBZ was evaluated. As shown in Figure 6, the
removal efficiency of CBZ was 87.67% for the first cycle,
while decreased to 52.86% for the third cycle. .e removal
efficiency of CBZ decreased with the increased recycling
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times, which was mainly due to the expansion and pyrolysis
of partial ANFICV beads during operation.

4. Conclusions

.e present research confirmed that ANFICV with Al2O3
nanoparticles as additives significantly promoted the growth
of immobilized C. vulgaris and improved the performance of
CBZ removal by immobilized C. vulgaris. .e CaCl2 con-
centration was revealed with the most significant impact on
ANFICV preparation for CBZ removal. .e results dem-
onstrated that both dosage and diameter of the ANFICV
bead could affect the removal efficiency of CBZ. Relative
smaller ANFICV beads benefited CBZ removal, and CBZ
removal efficiency was increased with the increased dosage
of ANFICV beads. .is study provided a low-cost and

efficient method for the treatment of CBZ-contaminated
water.
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)e present study has been undertaken to analyze the total accumulated burden of volatile organic compounds (VOCs) in blood of
occupationally exposed workers.)e headspace technique combined with gas chromatography with flame ionization detector was
used for the quantitative analysis of the different volatile organic compounds (isopropyl alcohol, phenol, benzene, dichloro-
methane, ethanol, ethyl acetate, and toluene) in 80 blood samples from the workers belonging to different occupations i.e., shoe
polish workers, thinner handlers, paint workers, furniture polish workers, petrol station attendants, textile dyeing workers,
printing press workers, and dry port workers as biomonitoring is one of the most promising methods for analyzing the individual
burden of VOCs. Another purpose of this study was to investigate the correlation between detected concentrations of VOCs and
associated health issues reported by the workers of these professions. Results of the study revealed the presence of different VOCs
in blood samples of approximately 70 workers out of 80, and statistical analysis proved a strong relationship between the reported
work experience, working hours, and diseases and the detected concentrations of respective volatile organic compounds.

1. Introduction

Organic solvents, isopropyl alcohol, phenol, benzene,
dichloromethane, ethanol, ethyl acetate, and toluene, are
present in a wide range of commercially available products
and have been widely used in different workplaces and
industrial sectors (e.g., in manufacturing of paints, adhe-
sives, thinners, glues, plastic, pitch, bitumen, and some
pharmaceutical products; in shoe polish industries; in
printing presses; and in petroleum industries) and as in-
termediate in the formation of other chemical substances
according to their requirements. )ey are direct or indirect
source of volatile organic compounds (VOCs) at workplaces.

Solvents use in different workplaces has rapidly increased in
recent era. Individuals living or working in such conditions are
commonly exposed to pollutants released from solvents. Most
of these organic solvents are considered as environmental
contaminants because of their high volatility and hazardous
nature, even when they are present in low concentrations.

VOCs are also considered as environmental contaminants
because they persist in the air [1]. In recent years VOCs in the
atmosphere has gained much attention due to their direct and
indirect effects. Many VOCs are very toxic and others are
supposed to be carcinogenic. )e direct effects of these toxic
compounds are their potential to cause serious health effects [2].
On the other hand, indirect effects of VOCs are related to their
typical reactions in troposphere. Different species of VOCs
behave differently while taking part in the formation of tro-
pospheric ozone [3]. VOCs can enter our body through several
routes. Inhalation is usually themost common and known route
of entry of VOCs into our body, but they may enter the body
also by absorption through skin which further leads to irritation
of skin, eyes, nose, and throat.)e common characteristic of all
VOCs is that “they are lipid-soluble.”)e key target of all VOCs
is brain and causes dizziness, loss of concentration, headache,
and memory loss after their accumulation in blood and urine.
Health effects due to occupational exposure of VOCs include
kidney and liver damage and effects on central nervous system
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(CNS) including memory loss, balance and gait disturbances,
diminished cognition, and hand-eye and foot-eye coordination.
Common symptoms are depressions, irritability, mood disor-
ders, and fatigue. VOCs can also trigger exacerbation of asthma
in very severe cases [2].

)e extent to which and the complete details on howVOCs
affect human health are still unknown. Several studies have
observed that the VOCs exposure is more in occupational
settings compared to environmental settings. Biomonitoring is a
most promising method to analyze individual burden of these
contaminants. It provides useful information on toxic build-up
of chemicals in body mainly in fatty tissues [4]. Biomonitoring
also allowed the determination of the individual health risk and
the measurement of the target analytes concentration in the
environment [5, 6]. Volatile organic compounds like benzene,
phenols, alcohols, and toluene have been a great concern, as
they pose serious health concern, when inhaled [4]. Solvent
inhalation is usually occupational and not intentional, requiring
serious preventive control of solvent use in industrial or
commercial sites. Several researches works on themonitoring of
exposure to such compounds [7–9], and their effects on human
health have been reported [10]. One way to measure the human
contamination with volatile organic compounds is to test urine
or blood samples [11]. Different methods have been developed
for the determination of solvents and VOCs in blood and/or
urine. However, most of the promising and successful studies
reported the biomonitoring of such compounds in urine and
blood samples by gas chromatography or GC-MS. )ere are
many techniques which can be used to analyze VOCs in blood.
)ese techniques are gas chromatography-mass spectrometer
(GC-MS), headspace gas chromatography along with mass
spectrometer (HS-GC-MS), and gas chromatography with
flame ionization detector (GC-FID).

Due to the severity of VOCs effects on environment and
human health, the present study was designed to analyze
total burden of VOCs in exposed workers blood. In future,
this research may be helpful for suggesting major priorities
in the light of its outcomes, in order to minimize occupa-
tional related health issues and to ensure complete safety of
worker at their workplaces. )is study thus focused on the
headspace technique combined with GC-FID for the qual-
itative and quantitative determination of VOCs in blood of
occupationally exposed workers and for the investigation of
the correlation between the detected concentration of VOCs
and associated health issues reported by the workers of these
occupations [12].

2. Study Population

For the purpose of biomonitoring of VOCs, workers be-
longing to following industrial/occupational sectors have
voluntarily participated in the study.

(i) Shoe polish workers
(ii) )inner handlers
(iii) Paint workers
(iv) Furniture polish workers
(v) Petrol station attendants

(vi) Textile dyeing and printing press workers
(vii) Petroleum products handlers at dry port

)e main components involved in the manufacturing of
paint are pigments (including titanium dioxide) solvents,
resins, and additives.

3. Materials and Methods

)e current study was carried out to determine the con-
centrations of VOC level in blood of occupationally ex-
posed workers by gas chromatography with flame
ionization detector. Analytical grade chemicals, i.e.,
methanol, isopropyl alcohol, phenol, benzene, dichloro-
methane, ethanol, ethyl acetate, and sodium chloride, were
used for present research.

3.1. Data Collection. Secondary data were gathered to de-
velop questionnaire and methodology and to review liter-
ature. For primary data collection, series of meetings with
each workplace manager were planned and necessary in-
formation was gathered. Walkthrough survey was con-
ducted in order to check the type of solvents being used by
industries/workplaces and to analyze the environmental/
working conditions of workers. Interviews were held with
workers of the associated professions, and a questionnaire
was filled to get information regarding their work experi-
ence, working hours, smoking habits, exposure time, and
diseases they suffer like headache, fatigue, skin problems/
allergies, irritation to eyes, irritation to nose/breathing
problem/nausea, irritation to throat, weakness, dizziness,
diabetes, migraine, cancer, obesity, and others if any.

3.2. Consent Form. Ethical guidelines and protocols were
completely followed/adopted during the whole research.
According to the international ethical guidelines for bio-
medical research, consent should be obtained from those
workers who are voluntarily participating in the research
[13]. In the present research, participation of all workers was
voluntary. )eir blood samples used in the present research
were taken after 8-hour work shift and were stored with
private code numbers. After the workers’ verbal commit-
ment to participate in the present research, they were asked
to sign a consent form.

3.3. Selection of Exposed Workers. Exposed workers were
selected on the basis of primary data. )e workers fall in the
age range of 18–45 years and have the average working
experience of 3–12 years. Workers of all the selected in-
dustries work averagely for 8–10 hours per day. All the
workers when asked said that they have the habit of
smoking. Although they were being provided with personal
protective equipment (PPE), i.e., gloves and face masks, they
were not using them, because according to them wearing the
PPE decreases their work efficiency. Table 1 shows work-
places/industrial sectors and the number of selected workers.
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3.4. Selection of VOCs for Blood Analysis. VOCs such as
isopropyl alcohol, phenol, benzene, dichloromethane, eth-
anol, and ethyl acetate were selected to be analyzed in blood
of workers based on literature and information gathered
during primary data collection.

3.5. Blood Collection Method. For the collection of blood
samples from workers, a trained paramedical staff member
was hired. Samples were collected after 15–20 minutes of 8-
hour work shift. For VOCs analysis in blood, gray top
Vacutainer tubes of 5mL were selected depending on the
need of samples. )ese Vacutainer tubes already contained
sodium fluoride and potassium oxalate as preservative and
anticoagulant. )e blood samples of workers were obtained
by venipuncture (using BD 5ml syringe) as described by
Cardinali et al. and Ashley et al. [14, 15]. After blood col-
lection, the vial was shaken well 2-3 times to prevent blood
from clotting. Blood samples were then immediately placed
in a container of ice cubes. Finally the samples were
transferred to laboratory and were stored at 4°C. )e col-
lected blood samples were analyzed within the same day.

3.6. Preparation of Blood Samples and Standards. After
collection, blood samples were quickly transferred to lab-
oratory and were analyzed by headspace method for gas
chromatography. 2ml of blood sample was transferred from
Vacutainer tube to 16ml headspace vial which already
contains 1ml of sodium chloride, and it was sealed im-
mediately with a silicone/PTFE septum. Blood sample was
gently stirred for 5–10min and was then incubated at 60°C
for about 35–40min. After partial pressure has been
achieved, 0.5ml of headspace air was injected into the gas
chromatograph for further analysis. )is technique was
previously used for identification of variety of solvents and
was also successfully employed in our laboratory. A discard
box was prepared to put all the used syringes, Vacutainer
tubes, microfilters, gloves, vials, and other hazardous waste.
Every time after sample preparation, the discard box was
immediately sent to the nearest hospital waste bin with great
care. For preparation of standards of selected volatile organic

compounds, method quoted by EI-Haj et al. was followed
with few modifications according to laboratory conditions
[16]. )e chromatographic coelution of selected VOCs was
also evaluated by direct injection of these compounds into
the GC [17].

3.7. Analytical Analysis. Gas chromatography with flame
ionization detector (GC-FID) was used for qualitative and
quantitative determination of VOCs in blood samples. GC
was equipped with both split and splitless capillary injectors.
Temperature of both detector and injection was kept at 200°C
while column temperature was programmed between 50 and
100°C. N2 flow and H2 flow were both kept at 40 μL/min
while air flow was 400 μL/min. Total run time was 15min.

3.8. Method Development and Quality Control. A rapid and
sensitive gas chromatographic method was developed and
validated to determine different VOCs in blood samples. For
method development, studies were performed on each GC
parameter, and for optimization, one parameter was
changed at one time while all others were kept constant. In
order to ensure method precision, each sample was analyzed
in triplicate to record the variation (if any), and mean value
was considered. Calibration experiments were tested for
linearity, accuracy, and precision. Limit of detection (3 :1)
and limit of quantification (10 :1) were calculated as signal-
noise ratio.

3.9. Qualitative and Quantitative Analysis. Qualitative
analysis on the basis of peak height and retention time was
done to determine the presence of different VOCs in the
prepared blood samples.

Quantitative analysis of results was done by calculating
response factor and relative response factor (RRF) by for-
mulas given below.

3.10. Response Factors. From results of analytes, peak area
and concentration were taken to calculate response factor.
Equations (1) and (2) were used to calculate response factor
of samples and standards [18]:

Table 1: Industries and their selected workers.

Sr. no. Industries/workplaces Workers’ duty section/department Selected no. of workers

1 Textile industry Dyeing 9
Printing 10

2 Electrical industry Painting 5
)inner handling 2

2 Petrol station Petrol filling 7
3 Furniture workshops Furniture polish 5
4 Dry port workers 10

5
Small-sized printing press

Printing
10

Medium-sized printing press 10
Large-sized printing press 10

6 Others Shoe polish 2

7 Control (general population)
2

Total workers� 80
Control samples� 2
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responce factor �
peak area of standard

concentration
, (1)

response factors �
peak area of sample

concentration
. (2)

)e calculated response factors of standard (1) and
sample (2) were then used to calculate relative response
factor (RRF) between two analytes. )e following equation
was used to calculate relative response factor [17]:

relative response factor (RRF) �
response factor B
response factor A

. (3)

Relative response factor was further used in order to
calculate the unknown concentration of analyte (VOC
selected):

concentration of analyte �
peak area of A

peak area of B
×

1
RRF

× concentration of standard.

(4)

3.11. Statistical Analysis. Statistical analysis was done with
Microsoft Excel version 4.0 on personal computer. Primary
data were collected from the workers of all occupations, and
the questions asked were related to work experience,
working hour, workplace conditions (status of work), and
diseases such as headache, fatigue, skin problems/allergies,
irritation to eyes, irritation to nose/breathing problem/
nausea, irritation to throat, weakness, dizziness, diabetes,
migraine, cancer, and obesity; all these data were statistically
analyzed with the detected concentrations of different
VOCs. Statistical test, i.e., “phi coefficient,” was selected for
analysis as phi is interpretable as a nonparametric corre-
lation coefficient and means just the same thing as the
Pearson r in terms of the strength and direction of the
relationship between two variables.

4. Results and Discussion

Occupational exposure to solvents may often lead to serious
illnesses and injuries through absorption of irritants via skin
and/or inhalation of toxic vapors. )e risk may become
worse while working in confined areas. Several studies have
reported various adverse effects of solvent intoxication such
as neuropathological effects, nephrotoxic effects, hepato-
toxic effects, and cognitive impairment [19, 20].

)e purpose of the present study was to analyze total
burden of VOCs in blood of occupationally exposed
workers by using GC-FID. Total collected blood samples of
workers were 80, i.e., two shoe polish workers, two thinner
handlers, five paint workers, five furniture polish workers,
seven petrol station attendants, nine textile dyeing
workers, ten textile printing workers, ten dry port workers,
and thirty printing press workers. All of the participating
workers were male. Two control samples were also taken
from the general population people (who do not have any

previous or current record of occupational exposure to
solvents) (Table 2).

A detailed questionnaire was designed to obtain infor-
mation of participants regarding age, BMI, work experience,
exposure period, health issues, and present working envi-
ronments (as mentioned earlier in Section 3).

Blood samples were analyzed for presence of VOCs
both qualitatively and quantitatively. All samples were
run in triplicate for quality assurance, and mean value
was considered. Analysis showed the presence of iso-
propyl alcohol in almost all blood samples which were
collected from shoe polish workers, paint workers, fur-
niture polish workers, one thinner handler, and three
printing press workers. All these workers were apparently
underweight and normal. )e detected concentration of
isopropyl alcohol in shoe polish workers was 15.2 ppm
and 20.3 ppm. )e concentration of isopropyl alcohol
detected in thinner handlers was 30.0 ppm. In paint
workers, it was detected in concentration of 22.54 ppm,
35.9 ppm, 351.38 ppm, 23.6 ppm, and 33.85 ppm, re-
spectively. In blood of furniture polish workers isopropyl
alcohol was present in concentration of 21.0 ppm,
25.9 ppm, 22.9 ppm, 226.75 ppm, and 18.49 ppm, while its
determined concentration in blood of printing press
workers was 28.44 ppm, 80.64 ppm, and 82.64 ppm, re-
spectively. )e samples taken from petrol station atten-
dants, textile dyeing workers, textile printing workers,
and dry port workers did not show its presence in their
blood. During primary data collection, the health effects
reported by affected workers were irritation to skin, eyes,
throat, headache, fatigue, and sometimes weakness
during duty. Furthermore, furniture and shoe polish
workers and some textile dyeing workers had also
complained about nose irritation. )eir response is also
supported by hazardous fact sheet prepared by New
Jersey Department of Health which highlighted the fact
that contact to isopropyl alcohol can cause irritation to
skin and eyes, while inhaling it can cause nose and throat
irritation. Overexposure can cause unconsciousness,
confusion, headache, and loss of coordination [21].
Among all samples, phenol was detected and quantified in
blood samples of one petrol station attendant in con-
centration of 2.39 ppm, five textile dyeing workers
(3.52 ppm, 3.18 ppm, 3.02 ppm, 2.69 ppm, and 3.13 ppm),
and five printing press workers (4.82 ppm, 3.24 ppm,
3.2 ppm, 16.36 ppm, and 16.00). Phenol was not detected
in any other sample. Workers (with phenols detected in
blood) also reported problems like irritation to skin, eye,
and throat; headache; fatigue; and sometimes weakness
which is also supported by hazardous fact sheet prepared
by New Jersey Department of Health indicating that
exposure to phenol can cause throat, skin, and eye irri-
tation and sometimes lead to skin burns and eye damage.
Its high exposure may reduce the blood ability to
transport oxygen, causing fatigue, headache, dizziness,
and blue color to lips and skin [22].

Benzene, a solvent for paints, inks, and plastics, is used in
manufacturing of dyes, rubbers, drugs, lubricants, pesticides,
and detergents and was found in one blood sample of a
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Table 2: Quantitative analysis of VOCs in blood samples.

Sr. no. Participants Sample
code

Isopropyl
alcohol (ppm)

Phenol
(ppm)

Benzene
(ppm)

Dichloromethane
(ppm)

Ethanol
(ppm)

Ethyl
acetate
(ppm)

Toluene
(ppm)

1 Shoe polish
workers

68635 15.2 0 0 0 0 0 0
68183 20.3 0 0 0 0 0 0

2 )inner
handlers

68189 30.0 0 0 0 0 0 0
68458 0 0 0 0 0 17.51 0

3 Paint workers

671 22.54 0 0 0 0 35.95 0
67425 35.9 0 0 0 0 373.70 0
68503 351.83 0 0 0 0 25.12 0
68202 23.6 0 0 0 0 0 0
67435 33.85 0 0 0 0 31.84 0

4 Furniture polish
workers

68205 21.0 0 0 0 0 0 0
68453 25.9 0 0 0 0 0 0
68249 22.9 0 0 0 0 0 0
68147 226.75 0 0 0 0 0 0
68203 18.49 0 0 0 0 0 0

5 Petrol station
attendants

69189 0 2.39 0 0 0 0 0
68259 0 0 0 0 9.73 0 0

6 Textile dyeing
workers

215394 0 3.52 0 0 0 0 0
215477 0 3.18 0 0 0 0 0
68235 0 0 0 0 1.31 0 0
683615 0 0 0 6.49 0 0 0
1046747 0 3.02 0 0 0 0 0
68361 0 0 81.62 6.40 0 0 0

1046456 0 2.69 0 0 0 0 0
68387 0 0 0 5.05 0 0 0
215654 0 3.13 0 0 0 0 0

7 Textile printing
workers

1022195 0 0 0 5.01 0 0 0
215636 0 0 0 7.85 0 0 0
215377 0 0 0 6.64 0 0 0
215478 0 0 0 6.64 0 0 0
1047332 0 0 0 5.34 0 0 0
215491 0 0 0 6.86 0 0 0
215330 0 0 0 5.48 0 0 0
1022687 0 0 0 5.67 0 0 0
10464567 0 0 0 4.53 0 0 0
68234 0 0 0 7.85 0 0 0

6 Dry port
workers

00215357 0 0 199.89 0 0 0 0
00214411 0 0 0.776 0 95.89 0 0
00216744 0 0 0.06 0 49.72 0 0
00215616 0 0 0.97 0 141.63 0 0
00213477 0 0 0 0 88.80 0 0.000001
00217018 0 0 0 0 24.74 0.016 0.006
00216755 0 0 0 0 88.80 0.0012 0
00215616 0 0 0 0 0 0.01 0
00215590 0 0 0 0 110.89 1.06 0
00216676 0 0 0 0 133.76 0 0

7 Small-sized
printing press

68360 0 0 0 0 15.61 0 0
68303 28.44 0 0 0 0 0 0
68392 0 4.82 0 0 0 0 0
68366 0 0 0 10.94 0 0 0
68213 0 3.24 0 0 0 0 0
68241 0 0 5.16 0.41 0 0 0
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textile dyeing worker in concentration of 81.62 ppm, one
blood sample of a textile printing worker (5.16 ppm), four
blood samples of dry port workers (199.89 ppm, 0.776 ppm,
0.06 ppm, and 0.97 ppm), and one sample of a printing press
worker (5.16). During survey the prominent reported health
effects of the exposed worker were again irritation to skin,
eye, and throat; headache; weakness; and fatigue during their
working hours which are also supported by literature;
according to a report prepared by Agency for Toxic Sub-
stances and Disease Registry (ATSDR), very small exposure
(5 to 10minutes) to a very high level of benzene in air (10,000
to 20,000 ppm) can result in death. Lower levels (700 to
3,000 ppm) can cause headache, unconsciousness, dizziness,
drowsiness, and confusion [23]. It is also a moderate skin
and eye irritant [24]. Dichloromethane (DCM), also known
as methylene chloride, is widely used as a solvent in ad-
hesives, paint strippers and removers, textile printing, and
printing presses. In the current study, DCM was found in
only three blood samples of textile dyeing workers
(6.49 ppm, 5.05 ppm, and 6.40 ppm), all blood samples
collected from textile printing workers (5.01 ppm, 7.85 ppm,
6.64 ppm, 6.64 ppm, 5.34 ppm, 6.86 ppm, 5.48 ppm,
5.67 ppm, 4.53 ppm, and 7.85 ppm), and eleven blood
samples of printing press workers (10.94 ppm, 0.41 ppm,
6.6 ppm, 319.28 ppm, 7.24 ppm, 8.07 ppm, 7.42 ppm,
6.6 ppm, 15.61 ppm, 5.85 ppm, and 6.81 ppm). According to
hazardous fact sheet by New Jersey Department of Health
dichloromethane can cause skin and eye irritation, some-
times lead to eye damage and breathing its high level can
cause nose and throat irritation [25]. Ethyl Acetate, as a
solvent used inmaking of dyes and perfumes [26], was found
in blood samples of one thinner handler (was 17.51 ppm),
four paint workers (35.95 ppm, 373.70 ppm, 25.12 ppm, and
38.14 ppm), and four dry port workers (0.016 ppm,
0.0012 ppm, 0.01 ppm, and 1.06 ppm). Exposed workers have
also reported problems like headache, fatigue, and some-
times weakness during their duty time.)is is also supported
by previous studies which reported that inhalation of
400 ppm of ethyl acetate for 3–5min can cause irritation to
nose and throat. Its high concentration can lead to headache

and also congestion in upper respiratory tract [27]. Ethanol
has many applications as a solvent (in manufacturing of
paint, ink, varnishes, perfumes), as a fuel, and as raw ma-
terial for making of chemicals (such as production of ethyl
acetate, acetic acid, ethylene, and ethyl acrylate) [28]. It was
detected and quantified in only one blood sample of a petrol
station attendant (8.17 ppm), one blood specimen of a textile
dyeing worker (1.31 ppm), eight samples of dry port workers
(95. 89 ppm, 49.72 ppm, 141.63 ppm, 88.80 ppm, 24.74 ppm
88.80 ppm, 110.89 ppm, and 133.76 ppm), and two blood
samples of printing press workers (15.61 ppm and 16.7 ppm).
According to hazardous fact sheet prepared by New Jersey
Department of Health, exposure to ethanol is moderately
irritating to eye and skin. It can cause nose and throat ir-
ritation and sometimes shortness of breath. Headache,
nausea, vomiting, and unconsciousness are also associated
with its exposure [29].

Results of statistical analysis also showed positive rela-
tionship between the detected concentrations of different
VOCs in blood of workers and their work experience,
working hours, and workplace conditions. For example, the
phi values (0.853, 0.710, 0.514, 0 1.145, 0.359, and 0.389)
show that there is strong positive relationship between work
experience and solvents used in that workplace and indicate
that the greater the number of years spent at the workplace,
the higher the quantity of solvents in the blood of the re-
spective workers. )e case with other parameters is the same
(Table 3).

Results of statistical analysis for determining the cor-
relation between the presence of VOCs in blood samples and
the diseases reported by the workers working in that en-
vironment also depicted strong correlation between these
variables. For example, in case of isopropyl alcohol case,
phi�0.359, which shows a positive relationship between the
two variables (isopropyl alcohol and headache).)is indi-
cates that the person who is exposed to the workplace
conditions having isopropyl and with its concentration
detected in blood as bioindicator of this pollutant will be a
possible victim of headache. As there is strong positive
correlation between the two, the greater the quantity of

Table 2: Continued.

Sr. no. Participants Sample
code

Isopropyl
alcohol (ppm)

Phenol
(ppm)

Benzene
(ppm)

Dichloromethane
(ppm)

Ethanol
(ppm)

Ethyl
acetate
(ppm)

Toluene
(ppm)

8 Medium-sized
printing press

E31986 0 0 0 6.6 0 0 0
E47334 0 0 0 319.28 0 0 0
E68353 0 3.2 0 0 0 0 0
E68387 0 0 0 7.24 0 0 0
E68352 0 0 0 0 16.7 0 0
E35231 0 0 0 8.07 0 0 0
E46452 0 0 0 7.42 0 0 0
E31987 0 0 0 6.6 0 0 0
E31999 0 0 0 15.61 0 0 0

9 Large-sized
printing press

215328 0 0 0 5.85 0 0 0
215335 0 0 0 6.81 0 0 0
215455 80.64 16.36 0 0 0 0 0
215656 82.64 16.00 0 0 0 0 0
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isopropyl alcohol in blood, the greater the chance of
headache problem among victims (Table 4).

5. Conclusion

Workers’ safety and surveillance setup is an important
subject worldwide. However, in developing countries like
Pakistan, it is most neglected one, as workers’ safety has
never been given a major priority. )ere are thousands of
workers who are routinely exposed to many solvents and
chemicals at their workplaces. )e present study was thus
conducted to quantify working conditions of exposed
workers at their workplaces, the major health issues faced by
these workers, and the correlation between these two pa-
rameters. )e efforts made towards this study will be very
fruitful in future in light of its outcomes, and it may be very
helpful to minimize major health risks in order to ensure
complete safety of workers at their workplaces. Different
VOCs were detected in above 70 blood samples of the
workers belonging to different professions out of a total of 80
samples. Statistical analysis showed a strong relationship
between the reported work experience, working hours, and
diseases and the detected concentrations of respective vol-
atile organic compounds. Selective and sensitive method of
GC-FID was used for the analysis.
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Karst water in northern China is an important water source for economic and social development in its distribution area and water
source for ecological function guarantee. With the enhancement of human activities, the water quality of karst water in the north
has deteriorated and the bearing capacity of economic activities and social and ecological environment has weakened. 1e study
on the distribution characteristics and source analysis of toxic substances in typical karst springs in northern China is of great
practical significance for the sustainable development of karst areas in northern China. Based on the abundant karst water
samples, the concentration, detection, and spatial distribution of toxic heavy metals and typical organic substances in karst waters
were analyzed, the quality was evaluated, and the source of substances was analyzed. 1e results show that the toxic substances in
karst water in Jinan are mainly distributed in the northern part of the Jinan urban karst water subsystem and Baiquan karst water
subsystem in Jinan city, and the detection rate is low in other areas. 1e main distribution areas of toxic substances in karst water
are the northeast and southwest parts of Jinan city. In the recharge area and runoff area of the karst spring area, the contribution
rate of toxic substances to the comprehensive quality evaluation of karst water is relatively low and relatively high in the drainage
area of the spring area. 1e organic index contributes more to the comprehensive quality evaluation of karst water. 1e dis-
tribution of toxic substances is related to the historical and current industrial layouts, and industrial discharge or leakage is the
primary source of pollutants in karst water. 1e concentration of toxic substances in karst water has persistence and inheritance.
1is study enriches the research results on the distribution and sources of toxic substances in typical karst springs in northern
China and provides essential data support for scientific understanding of the changes in karst water quality and optimization of
water resource management in northern China.

1. Introduction

1ere are 6.85×105 km2 carbonate rock distribution areas in
northern China [1] and 1.09×1010m3/a of karst water re-
sources [2]. Karst water is an important water source for
water supply and ecological function guarantee in northern
China [3]. 1e unique geological and topographic condi-
tions makemost karst water in northern China discharged in
the form of springs or spring samples [4]. In the past 40
years, a variety of environmental problems have arisen in the
karst water system in northern China, such as deterioration

of water quality, water cutoff of springs, and water level drop
[4]. 1e development and change of these environmental
problems have brought challenges to the management of
karst water resources, and scientific research is needed to
serve the management, protection, and sustainable utiliza-
tion of water resources.

Jinan is a typical karst water distribution area in northern
China. It is known as “city of springs.” 1ere are numerous
springs in Jinan, and it has “72 famous springs.” Karst
groundwater is an indispensable and important resource for
industrial and agricultural production and social development
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in Jinan [5]. Over the past decades, with the industrialization
and urbanization of Jinan, the water resource conditions of
Jinan karst water system have changed [6–9], and the water
quality has changed significantly [6, 10]. 1e concentration of
toxic substances in karst water, including toxic heavy metals
and persistent organic compounds, has increased [11, 12],
causing negative effects or potential threats to the ecological
environment, economic activities and human health [13].
1erefore, it is of great significance for the development and
utilization of karst water resources and ecological environ-
mental protection to analyze the concentration and distri-
bution status of persistent toxic substances in underground
water in Jinan karst spring area and find out their pollution
sources and influencing factors.

1e unique hydrogeological conditions make the
groundwater quality in the karst area more sensitive to human
activities [14, 15]. Persistent toxic substances have caused
different degrees of karst water pollution in the karst distri-
bution areas of the world, such as toxic heavy metals in the
karst area of southern China [16–19] and persistent organic
substances in Italy [20], Turkey [21], China [22, 23], etc. Liu
et al. [18] analyzed the hydrochemistry and distribution
characteristics of heavy metals in four typical karst under-
ground rivers in southwest China, including As, Cr6+, and
other heavy metals and analyzed the influence of human
activities. Dong et al. [24] summarized that polycyclic aromatic
hydrocarbons (PAHs) and organochloride pesticides (OCPs)
are the main toxic organic compounds detected in ground-
water of karst spring area in China, and the toxic organic
compounds concentration in karst water is relatively low. In
the karst spring area of Jinan area, Gao et al. [11] discussed the
trace element concentration and distribution change charac-
teristics of Jinan karst water in high and low water periods,
including the analysis of toxic heavy metals like Cr6+. Yang
et al. [12] summarized the detection of toxic organic com-
pounds in Jinan urban subsystem of karst spring area in Jinan,
pointing out that the detection rate of trichloromethane is
high. Xu et al. [23] analyzed the distribution rule of toxic
organic compounds in karst water in Jinan, pointing out that
the detection rate of toxic organic compounds is high and the
concentration is low, and its distribution is controlled by the
distribution of industrial enterprises and groundwater field.
1e above results show that there are still few studies on
persistent toxic substances in karst water in northern China,
and the scattered results mostly describe the distribution or
source of toxic substances from one aspect or one side, and the
data used are relatively early, and no systematic research re-
sults have been seen at present. In this paper, Jinan spring area,
a typical karst spring area in northern China, is selected to
study the distribution characteristics and source analysis of
persistent toxic substances in groundwater, which can sup-
plement relevant research results and provide data support for
scientific understanding of the changes in karst water quality
in northern China.

2. Materials and Methods

2.1. Overview of the Study Area. Jinan is located in the mid-
latitude inland zone and belongs to the warm temperate

continental monsoon climate zone. It has the climatic
characteristics of drought-prone spring, hot and rainy
summer, and cold and dry winter. 1e annual average
temperature is 14.3°C, the annual average precipitation is
641.68mm (1956–2012), and the annual average evaporation
is 1500–1900mm [13]. 1e annual distribution of precipi-
tation in the region is uneven, with the rainy season con-
centrated in June to September, and the precipitation
accounts for more than 70% of the annual precipitation.

Jinan geotectonic division is the Luzhong uplift in the
Luxi uplift area of the north China plate, which is generally a
northdip monoclinic structure with the Neoarchaean
Taishan group as the base and the Paleozoic carbonate rock
strata as the main body. In monoclinic structure, several
groups of northwest-oriented faults are developed, forming
relatively independent monoclinic blocks, and each
monoclinic block forms a relatively independent karst water
system. 1is specific geological structure condition in Jinan
area controls the spatial distribution of regional aquifers,
groundwater movement, water circulation conditions, and
water-rich conditions.

1e study area includes the Jinan-Changqing karst water
system and Mingshui karst water system, in which the
former is divided into Changqing-Xiaolipu karst water
subsystem, Jinan urban karst water subsystem, and Baiquan
karst water subsystem (Figure 1). 1ere is basically no hy-
draulic connection between Jinan-Changqing karst water
system and Mingshui karst water system; there are different
degrees of hydraulic connection within Jinan-Changqing
karst water system, in which the Changqing-Xiaolipu sub-
system and the northern boundary of Jinan urban subsystem
present weak permeability, and the northern boundary of
Jinan urban subsystem and Baiquan subsystem are closely
linked.

1e carbonate rock fissure karst aquifer system in the
study area is composed of the Sup-Zhangxia Formation
(Є2z) and Upper Cambrian Fengshan Formation and Or-
dovician (Є3f-O), and the lithology is dominated by car-
bonate rocks such as limestone, dolomitic limestone,
limestone dolomite, and argillaceous limestone. 1e karst
fissures in each karst water system are developed with good
connectivity, which is conducive to the recharge, runoff, and
enrichment of groundwater. Groundwater recharge is
mainly infiltration recharge of atmospheric precipitation,
followed by surface water leakage recharge. 1e under-
ground runoff generally moves from south to north,
northwest, and west along the stratum tendency. In the
north, it is blocked by gabbro rock and carboniferous and
Permian strata, rises to form springs for drainage, or is
discharged by artificial mining.

2.2. Layout of Sampling Points. In order to study the dis-
tribution characteristics of toxic substances in karst
groundwater in Jinan and to facilitate the analysis of pol-
lutant sources, two principles should be grasped in the layout
of sampling sites: one is to cover the surface and grasp the
macroscopic distribution of toxic substances; the other is to
properly encrypt the layout in key areas and study the
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distribution characteristics of toxic substances in key areas.
A total of 194 sampling points were set up.

2.3. Sample Processing and Determination. Karst water
samples were collected at 8.25 on 2011/8/15 and 12.23 on
2012/10/9. Samples were collected and tested in strict ac-
cordance with relevant requirements of groundwater quality
standard (GB/T 14848-2017). From the recharge area to the
drainage area in Jinan karst spring area, samples of karst
groundwater were collected along the flow direction of
groundwater, and their inorganic hydrochemical and or-
ganic components were tested. Groundwater samples are
collected directly from the wellhead, the wells are cleaned
before collection, and the stored water is discharged from the
wellhead. A portable tester was used to test temperature,
water temperature, pH value, conductivity, dissolved oxy-
gen, redox potential, and turbidity. When collecting organic
samples, the water inflow rate are control without air
bubbles and gas flow. Special VOA sample bottles and SVOA
sample bottles are sealed and stored and transported in a
special refrigerator at 4°C.

2.4. Quality Control and Assurance. Sample determination
is controlled by blank method, matrix addition and a
parallel sample of matrix addition. 1e final quantitative

results of target test indexes are deducted by blank and
corrected by the recovery rate. During the sampling pro-
cess, 5% parallel samples and 5% outbound samples were
collected and standard samples and blank samples were set
to track and monitor the sampling and test quality. All
organic samples (including experimental samples, blank
samples, and spiked samples) were added with recovery
indicators to control the efficiency in the sample pre-
treatment process, and the recovery met the quality control
standards as specified in Technical Requirements for Quality
Control of Groundwater Pollution Investigation and Eval-
uation Sample Analysis (DD2014-15) by the China Geo-
logical Survey. 1e recovery rates of volatile organic
compounds (VOCs) are controlled at 80%∼120%, while the
recovery rates of semivolatile organic compounds (SVOCs)
are controlled at 65%∼130%.

2.5. Data Analysis Compounds and Methods. Two-hundred
and thirteen samples from all 194 sampling sites were tested
for inorganic compounds, including toxic heavy metals,
general chemical parameters, and toxic inorganic parame-
ters, and 163 samples from 149 sampling sites were selected
for organic component testing. 1e toxic heavy metals se-
lected in this paper include arsenic, cadmium, hexavalent
chromium, lead, and mercury. 1e general chemical
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parameters and the toxic inorganic parameters are deter-
mined by traditional analysis methods suitable for karst
groundwater [13]. 1e organic analytes include persistent
organic compounds, such as dichlorodiphenyltrichloro-
ethane (DDT). In addition, several typical organic com-
pounds were selected for analysis. 1e organic compounds
include 21 volatile organic compounds, namely, trichloro-
methane, carbon tetrachloride, 1,1,1-trichloroethane, tri-
chloroethylene, tetrachloroethylene, dichloromethane, 1,2-
dichloroethane, 1,1,2-trichloroethane, 1,2-dichloropropane,
bromoform, vinyl chloride, 1,1-dichloroethylene, cis-1,2-
dichloroethylene, chlorobenzene, p-dichlorobenzene, tolu-
ene, ethylbenzene, xylene and styrene, 5 semivolatile organic
compounds, total benzenehexachloride (BHC), c-BHC (lin-
dane), total DDT, hexachlorobenzene, and benzo(a) pyrene.
1e detection limits of the toxic heavy metals and the organic
compounds are listed in Tables 1 and 2.

In this paper, the material concentration analysis is
carried out by the simple statistical method. 1e karst water
quality evaluation is carried out according to the national
groundwater quality standard GB/T 14848-2017, and the
spatial distribution characteristics and material sources are
analyzed. 1e substance distribution maps are drawn by the
MapGIS software, and the contoured maps are drawn using
the method of the inverse distance weighted (IDW). 1e
IDW method mainly depends on the power parameter, and
the power parameter used in the paper is 2. 1e IDW
method is a widely used the interpolation method, and its
specific calculation processes are no longer repeated in the
paper. After the IDW interpolation, the contours are
modified manually according to specific hydrogeological
conditions to make them more precise.

3. Results

3.1. Concentration and Distribution of Substances

3.1.1. Toxic Heavy Metals. Among the toxic heavy metals,
cadmium was detected in 86 samples, the detection rate was
44.3%, and the concentration was 0.0002mg/L∼0.002mg/L,
which were distributed in the whole study area (Figure 2).
Lead was detected in 28 samples, the detection rate was
14.4%, and the concentration ranged from 0.002mg/
L∼0.007mg/L, which were distributed in the whole study
area too (Figure 3). Hexavalent chromiumwas detected in 21
samples with a detection rate of 10.8%. Except for the one
group located in the south of Jinan spring area with a
concentration of 0.48mg/L, the detection concentration of
hexavalent chromium in other samples ranged from
0.006mg/L to 0.09mg/L. A group of arsenic was detected
with the concentration of 0.0134mg/L, which was located in
the recharge area of the karst water subsystem in Jinan city.
Mercury was not detected in all samples.

Overall, the concentration and detection rate of heavy
metals in the northwest of the study area along the yellow
river and the eastern suburbs of Jinan are relatively low.
1ere are certain detections in a wide area in the south-
central and east of the spring area. Samples with a high

concentration of heavy metals are scattered around the
urban area of Jinan.

3.1.2. Organic Compounds. Among the 149 karst water
samples, one or more of the 26 organic compounds were
detected in 75 samples and the total detection rate was
50.34%. From the spatial distribution, toxic organic com-
pounds are mainly detected in the karst water subsystem of
Jinan urban area and in the north of Baiquan karst water
subsystem. Samples with 1 to 3 toxic organic compounds
detected were mainly distributed in the southwest of Jinan
city and the area from Guodian to Ganggou in the east;
samples with 4 or more toxic organic compounds detected
were mainly distributed in the area from south industrial
road in the eastern suburbs to Wangsheren town, which is
the area with the most serious organic pollution of fissure
karst water in Jinan city (Figure 4).

1e highest detection rate of individual organic com-
pounds was trichloromethane, with a detection rate of

Table 1: Detection limits of the toxic heavy metals.

No. Toxic heavy metals Detection limits (mg/L)
1 Arsenic 0.005
2 Cadmium 0.0002
3 Hexavalent chromium 0.006
4 Lead 0.002
5 Mercury 0.0001

Table 2: Detection limits of the organic compounds.

No. Organic compounds Detection limits (μg/L)
1 Trichloromethane 0.1
2 Carbon tetrachloride 0.1
3 1,1,1-Trichloroethane 0.1
4 Trichloroethylene 0.1
5 Tetrachloroethylene 0.1
6 Dichloromethane 0.2
7 1,2-Dichloroethane 0.2
8 1,1,2-Trichloroethane 0.1
9 1,2-Dichloropropane 0.2
10 Bromoform 0.2
11 Vinyl chloride 0.1
12 1,1-Dichloroethylene 0.1
13 cis-1,2-Dichloroethylene 0.1
14 Chlorine benzene 0.1
15 Phthalates 0.1
16 Dichlorobenzene 0.1
17 Benzene 0.2
18 Toluene 0.1
19 Ethylbenzene 0.1
20 Ditoluene 0.2
21 Styrene 0.1
22 Total BHC 0.01
23 c-BHC (lindane) 0.01
24 Total DDT 0.002
25 Hexachlorobenzene 0.01
26 Benzo(a) pyrene 0.002
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Figure 2: Distribution of Cd concentrations in fractured karst water.
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40.54%, followed by carbon tetrachloride and tetrachloro-
ethylene, with a detection rate of 20.95% and trichloro-
ethylene with a higher detection rate, with a detection rate of
16.89% (Figure 5).

1e eastern outskirts of Jinan city are the key areas of
organic pollution. 1ere are many kinds of toxic organic
compounds detected and the total amount is high, forming a
relatively obvious pollution halo (Figure 6).

1e spatial distribution of trichloromethane and carbon
tetrachloride was analyzed. 1e karst water subsystem and
the north part of Baiquan karst water subsystem in Jinan
urban area are the main distribution areas of the two
(Figures 7 and 8), which have obvious correlation with the
intensive distribution of industrial enterprises in the
northeast of the urban area.

3.2. Quality Evaluation and Classification

3.2.1. Toxic Heavy Metals. Quality evaluation was carried
out according to the groundwater quality standard GB/T
14848-2017 in which groundwaters meet standards I, II, III,
IV, and V. Groundwater which meets standards I and II is

suitable for all kinds of uses, while groundwater which meets
standard III is mainly applicable to centralized drinking
water sources and industrial and agricultural water.
Groundwater which meets standard IV is suitable for ag-
riculture and some industrial water, and with proper
treatment, the water can be used for drinking water, while
groundwater which meets standard V is not suitable as a
drinking water source and can only be selected to use
according to certain other purposes. For 194 fissure karst
water samples, the concentrations of each toxic metal in each
sample are compared against the standards (Table 3), and
then the comprehensive quality evaluation of heavy metal
was carried out (Table 4). Among all the samples, the
number of heavy metal comprehensive quality exceeding
class III standard samples accounted for 3.09%, indicating
that the heavy metal index have little influence on the
comprehensive quality of fissure karst water. 1e main
impact compounds exceeding class III criteria were Cr6+
(2.58%) and As (0.52%).

Samples that contain toxic heavy metals in class III, class
IV, and class V are mainly distributed in the northern part of
the karst water subsystem and Baiquan karst water
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subsystem in Jinan city, which are related to the production
of industrial enterprises in this area, while the quality of the
other areas is dominated by class I and class II (Figure 9).

3.2.2. Organic Compounds. Quality evaluation was carried
out according to the groundwater quality standard GB/T
14848-2017. For 149 fissure karst water samples, the
concentrations of each organic compound in each sample
are compared against the standards (Table 5), and then the
comprehensive quality evaluation was carried out
(Table 6).

1e quality evaluation of organic compounds shows
that, among all samples, the number of classes IV and V
standard samples was 14 samples, accounting for 9.40% of
the total, indicating that toxic organic compounds have
affected the comprehensive quality of fissure karst water in
spring area.

In terms of spatial distribution (Figure 10), class I
samples are widely distributed in the study area, while other
class II and above samples are mainly distributed in the
northern part of the karst water subsystem in Jinan urban
area and the karst water subsystem in Baiquan, which is
affected by human production and life. 1e main impact
compounds exceeding class III standard were as follows:

12 samples of carbon tetrachloride (8.07%), including 11
samples of class IV water, 1 sample of class V water, and
2 samples of 1,1,2-trichloroethane (1.34%).

3.2.3. Influence of Toxic Substances on Comprehensive
Quality Classification. In addition to the above toxic heavy
metals and organic substances, 12 general chemical pa-
rameters, including pH, iron, manganese, zinc, aluminum,
chloride ions, sulfate ions, total hardness, soluble total solids,
total oxygen demand, ammonium ions, and sodium and 4
toxic inorganic parameters, including selenium, fluoride
ions, nitrate ions, and nitrite, were selected for geochemical
quality evaluation.

Quality evaluation was carried out according to the
groundwater quality standard GB/T 14848-2017. For 149
fissure karst water samples, the concentrations of each
general geochemical compound and each inorganic tox-
icology compound in each sample are compared against
the standards (Tables 7 and 8), and then the compre-
hensive quality evaluation was carried out (Table 9,
Figure 11).

1rough comparative analysis, in the recharge area and
runoff area of karst spring area, the groundwater impacted
with toxic heavy metals are mainly classified as classes I or
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II and the groundwater impacted with toxic organic
compounds are basically classified as class I, while
groundwater impacted by the geochemical indicators are
classified as classes III or IV, so the impact of the toxic
heavy metals or toxic organic compounds is low compared
with the impact of the geochemical indicators. In the
drainage area of spring area, especially the southwest and
northeast of Jinan urban area, the evaluation results of
toxic heavy metals and toxic organic compounds are
relatively consistent with the comprehensive quality
evaluation results, which are classes IV or V, so the
contribution rate is relatively high.

3.3. Source Analysis. Distribution of toxic substances has
obvious correlation with historical and current industrial
layout, and its concentration has persistence and inheri-
tance. In terms of spatial distribution, according to in-
complete statistics, there are 835 potential pollution
enterprises in the current study area, mainly in the elec-
tromechanical, chemical, and steel smelting categories
(Figure 12). Its distribution has obvious regional

characteristics, mainly distributed in urban built-up areas,
economic development zones, and near traffic trunk lines.
Historically, the advantageous industries in Jinan urban
areas include machinery, textile, steel, chemical light in-
dustry, food, and building materials. In recent years, ma-
chinery (high-performance, high-added value mechanical
products, and metallurgical products), vehicles (advanced
heavy vehicles, modified automobiles, and motorcycles),
electricity (emerging industries electronic products and
high-grade household appliances), chemical (modern bio-
medical chemical, fine chemical, and chemical fibers) have
been developed and have become the city’s four leading
industries. 1e new enterprises may cause pollution to both
soil and groundwater, which brings new challenges to
contaminated soil remediation [25] and wastewater treat-
ment [26]. Analyzing history and current situation, we
concluded that the production activities of industrial en-
terprises should be the main reasons for the detection of
toxic substances in karst water in Jinan. Toxic heavy metals
may mainly originate from Jinan iron and steel plant, Jinan
Huangtai power plant, and other smelting and thermal
enterprises, while organic substances may mainly originate
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from Jinan refinery, Qilu pharmaceutical enterprise, Jinan
yuxing chemical plant, and other chemical and pharma-
ceutical enterprises.

1e long-term persistence of toxic substance concen-
tration in the study area is further illustrated by the test
results in the 1980s. In terms of toxic heavy metals, 212
fractured karst water samples were collected in Jinan urban
area and eastern and western suburbs for two consecutive
years in the early 1980s. 1e detection rates of hexavalent
chromium, mercury, and arsenic were 41.51%, 8.02%, and
1.89%, respectively. Hexavalent chromium samples were
mainly distributed in three regions, two of which were lo-
cated in the northeast of Jinan urban area, with Wangsheren
town and Qilihe, Huangtai as the distribution centers, Jinan

iron and steel plant and Huangtai power plant, and Jinan
second iron and steel plant as the main pollution sources; the
other was located in the southwest of Jinan city, Baima
mountain to Duandian area. 1e above areas are also the
main distribution areas of current industrial enterprises.1e
distribution of toxic heavy metal elements in the 1980s is
consistent with this result, which indicates that heavy metals
mainly originate from industrial production and have a
long-term nature. On the one hand, groundwater pollution
itself is not easy to eliminate; on the other hand, it is also
related to the long-term existence of enterprise production
activities.

In terms of toxic organic compounds, the detection
rate of volatile phenol was 4.25% in the 1980s, and its

Table 4: Comprehensive quality evaluation of toxic heavy metals in fractured karst water.

Quality classification of toxic heavy metals in karst water Number of samples Percentage (%)
I 99 51.03
II 77 39.69
III 12 6.19
IV 4 2.06
V 2 1.03
Total 194 100
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samples were mainly located near Licheng pesticide fac-
tory and Jinan light industry chemical factory at that time.
Fifteen samples of fractured karst water were collected to
test HCH and DDT in organochlorine pesticides. 1e
detection rates of HCH and DDT were 100% and 93%,
respectively, showing a general distribution. Organo-
chlorine pesticides have been discontinued in Jinan for
nearly 30 years. Organochlorine pesticides were still de-
tected in 10 of 148 samples collected this time, indicating
the persistence of karst water pollution.

1e source of trichloromethane and carbon tetrachloride
with the highest detection rate of toxic organic compounds
was analyzed. Trichloromethane is an important raw

material for organic synthesis, which is used to make lipids,
rubber, paints, synthetic fibers, plastics, etc. Enterprises
producing methane-based chlorinated hydrocarbons are a
frequent source of pollution for trichloromethane entering
the environment. Carbon tetrachloride is mainly used in the
production of chlorofluorocarbon (CFC) refrigerants,
foaming agents, and solvents, as well as in the manufacture
of paints and plastics, as well as in metal cleaning, fumigants,
and other solvents. Accidents in the above industries may
cause the contamination of karst water by both substances.
1e detected water samples of trichloromethane and carbon
tetrachloride are mainly distributed in the eastern part of the
urban area, which has obvious correlation with the industrial

Table 6: Comprehensive quality evaluation of organic compounds of fractured karst water.

Quality classification of organic index of fractured karst water Number of samples Percentage
I 105 70.47
II 21 14.09
III 9 6.04
IV 11 7.38
V 3 2.02
Total 149 100
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enterprises such as petrochemical, paint, plastics, and steel
which have been gathered for a long time in the eastern part
of the urban area.

Carbon tetrachloride was taken as an example to an-
alyze the persistence of toxic substance concentration.
Because of the barrier of gabbro in the north of the spring
area in Jinan area, it is difficult for surface carbon tetra-
chloride to enter the karst water directly by leaching, and at
the same time, carbon tetrachloride is rarely used by en-
terprises nowadays, which can basically exclude the pos-
sibility that the existing pollution sources cause carbon
tetrachloride exceeding the standard in karst water. In the
previous studies, carbon tetrachloride in Xuzhou, China,
can cause continuous pollution of groundwater for more

than 12 years [13], and it takes a long time to eliminate the
impact of carbon tetrachloride on water quality. According
to investigation, Jinan chemical plant has been using
carbon tetrachloride to produce freon refrigerant from
1974 to 1996, with annual consumption of up to 5000 tons;
among them, the plant directly produced carbon tetra-
chloride from 1989 to 1992, with annual production of up
to 500 tons. In addition, companies such as Bluestar pe-
troleum have used or produced carbon tetrachloride in
small quantities. 1erefore, it is considered that the serious
pollution of carbon tetrachloride in fissure karst water in
northeastern Jinan is caused by the emission or leakage of
carbon tetrachloride produced or used in the history of the
above enterprises.

Table 9: Comprehensive quality evaluation of fractured karst water.

Comprehensive quality classification of fractured karst
water

Number of
samples Percentage (%) Distribution area

(km2) Percentage (%)

II 12 8.05 152.49 5.56
III 82 55.03 2414.32 88.04
IV 40 26.85 151.75 5.54
V 15 10.07 23.72 0.86
Total 149 100 2742.28 100
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4. Conclusion

1e comprehensive evaluation of groundwater in a karst
aquifer system that provide groundwater to an industrial
area with more than six million people is of great signif-
icance for understanding the main toxic substances and the
water quality. 1e study provides scientific understanding
which is beneficial to the improvements of groundwater
quality and the sustainable development of Jinan’s econ-
omy, society, and ecology. 1e toxic substances of karst
water in Jinan are mainly distributed in the northern part of
the Jinan karst water subsystem and the Baiquan karst
water subsystem, while in other areas, the toxic substances
have comparatively low detection rates and low concen-
trations. 1e distribution of karst water quality is deter-
mined by the concentration of evaluation indexes, and the
northeast and southwest parts of Jinan urban area are the
main distribution areas exceeding class III standard. In the
recharge area and the runoff area of the karst spring area,
the influence of toxic substances on the comprehensive
quality classification is relatively low, and in the drainage
area, the influence is relatively high. Compared with toxic
heavy metals, organic compounds contribute more to the
comprehensive quality of karst water.

Toxic substances have been widely distributed in Jinan
karst water. Among the toxic heavy metals, the detection rates
of cadmium, lead, hexavalent chromium, arsenic, and mer-
cury were in order from high to low. 1e detection rates of
organic compounds from high to low are trichloromethane,
carbon tetrachloride, tetrachloroethylene, trichloroethylene,
etc. 1e above compounds are important compounds to
control the comprehensive quality of karst groundwater.

1e distribution of toxic substances has an obvious
correlation with the historical and current industrial layout,
and its concentration has persistence and inheritance. 1e
production activities of industrial enterprises are the main
reasons for the detection of toxic substances in karst water in
Jinan. On the one hand, the long-term persistence of toxic
substances is related to its own difficulty to eliminate, that is,
once they enter the groundwater, it is difficult to degrade or
lose; on the other hand, it is also related to the long-term
nature of the production activities of enterprises, that is,
there may be persistent toxic substances entering the
groundwater.

Effective measures should be taken to improve the
quality of karst groundwater in Jinan to serve the needs of
environmental restoration and ecological civilization con-
struction. One is to strengthen the supervision and improve
the process to minimize the leakage of new toxic substances;
the other is to treat and repair existing pollution by ap-
propriate engineering and technical means; the third is to
strengthen the monitoring to provide data support for
scientific evaluation of the evolution of karst water quality,
government consultation, and decision-making and the
implementation of rehabilitation projects.
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Residual levels of 11 organochlorine pesticides (OCPs) in surface water of Jiuxi Valley were determined during spring and autumn
at nine sampling points to assess their contamination and potential risks. *e water samples were extracted by solid-phase
extraction (SPE), and OCPs were analyzed by gas chromatograph equipped with a 63Ni-ECD detector. *e investigation results
indicated that the concentration of total OCPs varied from 4.07 to 13.5 ng·L− 1 with an average value of 7.15 ng·L− 1 in spring, and
from 12.5 to 30.1 ng·L− 1 with an average value of 19.9 ng·L− 1 in autumn. Jiuxi Valley was slightly contaminated by OCPs, and the
concentrations of ΣHCHs and ΣDDTs in the river were at relatively low levels. HCHs were the main pollutant in spring, and also
in autumn, and α-HCH was the main component of the HCH isomers at most sampling points. Source analysis indicated that
local use of lindane or input of fresh c-HCH contributed to the presence of HCHs. New inputs were the major sources of DDTs,
aldrin, heptachlor, and endrin. *e OCP levels of this investigation were within the standard limits set by a majority of the water
quality standards and guidelines of China,WHO, European Union, and Canada. However, although the c-HCH concentrations at
all sampling sites, endrin concentrations at all sampling sites, and β-HCH concentrations at most sampling sites were below the
human health water quality standard, and the levels of other tested OCPs (α-HCH, p,p′-DDD, p,p′-DDE, p,p′-DDT, aldrin, and
heptachlor) exceeded the value of EPA-recommended water quality criteria for human health, which indicated potential risks to
human health around the region.

1. Introduction

As common persistent organic pollutants (POPs), organo-
chlorine pesticides (OCPs) have received great attention
worldwide due to their high toxicity, chemical durability,
and biological concentration [1]. *ese chemicals were once
widely used in agricultural production and pest control
universally. Researchers had found OCPs caused great
threats to ecosystems and human health [2, 3]. Despite the
prohibition of production and use of these pesticides by
many countries in the 1970s and 1980s, some OCPs, in-
cluding hexachlorocyclohexanes (HCHs), dichlor-
odiphenyltrichloroethanes (DDTs), aldrin, heptachlor, and
endrin, were still widely distributed everywhere because of

their persistence. China produced a large number of OCPs
using for broad spectrum pesticides, medical, and industrial
purposes from the late 1940s to the 1980s. From the 1950s to
1983, millions of tons of technical-grade HCHs and DDTs
were yielded, accounting for the world output of 33% and
20%, respectively [4]. Even though production and use of
OCPs had been forbidden since 1983, the comparatively
high concentrations of residue OCPs were still detected in
water and other environmental media.

As an important environmental medium, water bodies
play a vital part in the migration and transformation of
OCPs. OCPs can enter rivers or lakes via agricultural
nonpoint source pollution, industrial wastewater discharge,
atmospheric sedimentation, and other ways [5–7]. Although
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most OCPs are difficult to dissolve in water, they are easy to
be enriched in organisms by reason of their relatively high
octanol-water partition coefficient and have the probability
to bioaccumulate through the food chain, causing health
risks [8, 9]. After being discharged into water bodies, they
are mainly adsorbed on suspended particles. Under certain
circumstances, it will be resuspended after disturbance and
become a secondary pollution source [10, 11]. In addition,
OCPs may be involved in atmospheric circulation and
migrated to remote places from the source, causing envi-
ronmental issues at regional and global scale [12].

Jiuxi Valley is located in the east of Xiang’an District,
Xiamen City. Xiamen is a beautiful tourist city in southeast
China. Jiuxi Valley is 21 km long and has a drainage area of
101 km2. *e nine main branches form a tree-like water
system, which flows into the Dadeng sea area in Xindian
Town. Jiuxi is called the mother river of Xiang’an District. It
flows across the basic farmland protection area of Xiamen. It
is a source of farmland irrigation and livestock drinking
water. *ere are also a large number of egrets perched every
winter. *e government has viewed the Jiuxi Valley as a
beautiful ecological green stream. After comprehensive
treatment, the water quality of the Jiuxi Valley has been
improved, but more information is needed to evaluate the
pollution situation and identify the potential risk to human
health and ecological risk to aquatic life. As far as we know,
this work first reported on the concentrations of OCPs
contaminants in Jiuxi Valley.

*e major aims of this research work were (1) to in-
vestigate the concentrations, spatial distribution, and
composition of 11 OCPs (α-HCH, β-HCH, c-HCH, δ-HCH,
p,p′-DDD, p,p′-DDE, o,p′-DDT, p,p′-DDT, aldrin, hepta-
chlor, and endrin) in surface water of Jiuxi Valley and (2) to
investigate the pollution profiles to identify seasonal pol-
lution characteristics, and source apportionment and to
evaluate potential risks to human health around the region,
thus offering scientific information for efficient strategical
environmental management.

2. Methodology

2.1. Sampling. Nine sampling points (namely, S1 to S9)
along the river were selected, as shown in Figure 1. *e
collection of water samples at 0.15m below the surface of
water was carried out in autumn (October 8 to November 8,
2018) and spring (March 12 to April 12, 2019), and they were
stored in precleaned 1 L brown glass bottles. *e suspended
matter and impurities in water samples were removed by
using 0.45 μm fiber glass filters. *e extraction was com-
pleted within 7 days, and the analysis was completed within
30 days.

2.2. Extraction. *e water samples were extracted by solid-
phase extraction (SPE). In brief, the Florisil SPE cartridges
(1000mg/6ml) were rinsed successively with 5ml of ethyl
acetate, 5ml of methanol, and 10ml of ultrapure water.
Using vacuum pumping, water samples flowed via the SPE
columns at a flow velocity of 10ml/min. When the

extraction was completed, the OCPs captured in SPE col-
umns were eluted twice with 10ml of ethyl acetate. *en,
anhydrous sodium sulfate (roasted at 300°C) was used to
dehydrate the extracts, and then the extracts were con-
centrated to roughly 0.5ml with high purity nitrogen
streaming. *e extracts were spiked with 5.0 μl of TCmX
(2,4,5,6-tetrachloro-m-xylene) as internal standard and
redissolved to 1ml with n-hexane [13]. Finally, the extracts
were transferred into vials and kept sealed at − 20°C until
analysis.

2.3. ChemicalAnalysis. *eOCPs residues were analyzed by
using gas chromatograph (Agilent 7890B; 30m× 0.25mm
i.d. ×0.25 μm film thickness, HP-5 capillary column)
equipped with a 63Ni-ECD detector. Samples (2 μl) were
injected in the splitless injection mode with high purity
nitrogen as both carrier gas (1ml·min− 1) and makeup gas
(60ml·min− 1). *e temperature of the column oven was first
set at 100°C (with an equilibration time of 2min), raised to
200°C (6°C·min− 1), then to 230°C (1°C·min− 1), and finally
reached to 280°C (10°C·min− 1) and retained for 10min. *e
injection port and detector temperatures were kept at 280°C
and 300°C, respectively. *e target OCPs were identified by
the retention times matched to each standard. *e con-
centrations of OCPs were acquired using peak area based on
a six-point standard curve. In this study, the OCPs analyzed
were HCHs (including α-HCH, β-HCH, c-HCH, and
δ-HCH), DDTs (including p,p′-DDD, p,p′-DDE, o,p′-DDT,
and p,p′-DDT), aldrin, heptachlor, and endrin.

N
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Figure 1: Sampling points of the Jiuxi Valley, Xiamen.
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2.4. Quality Control. *e analytical quality control scheme
included procedural blanks, spiked recovery tests, dupli-
cates, and comparison of standards [3, 6]. A procedural
blank and a standard sample were carried out to check any
cross-contamination and repeatability in every set of 9
samples. All blanks were below the limits of detection
(LOD). *e LOD were set to be triple the standard deviation
of the blank. *e LOD of target OCPs ranged from 0.04 to
0.3 ng·L− 1. *e mean recoveries for surrogates (TCmX) were
79.5± 12.2%. Spiked recovery tests of the OCPs using 20 ng
of composite standards showed acceptable recoveries
ranging from 72.4% to 105%, with the relative standard
deviation less than ±14.1%. *e calibration curves had ac-
ceptable degree of linearity (R2> 0.997) for all the
compounds.

3. Results and Discussion

3.1. Temporal Characteristics of OCPs. *e seasonal con-
centrations of the target analytes in the surface water from
Jiuxi Valley are presented in Table 1. In the investigation, the
total OCPs concentration in spring was different from that in
autumn. During the wet season in spring, the total OCPs
concentration varied from 4.07 to 13.5 ng·L− 1 (mean:
7.15 ng·L− 1). During the dry season in autumn, the total
OCPs concentration varied from 12.5 to 30.1 ng·L− 1(mean:
19.8 ng·L− 1). *e difference indicated that the total OCPs
concentration in surface water of Jiuxi Valley had seasonal
characteristics.

Generally, when the rainfall is relatively high, the land
runoff of the farmland will increase the erosion by stream,
and some OCPs can be released to water from the soil,
resulting in an increase in OCPs [10]. Moreover, turbulence
caused by rainfall drainage can also lead to the rerelease of
OCPs in suspended sediments [11].*e higher level of OCPs
found during autumn might be partially attributed to less
water flowing. While in spring, the concentration of OCPs
was diluted by the stream owing to rich rainfall, and the soil
was not easily eroded because of the large vegetation cov-
erage near the valley and the solidification of asphalt or

concrete pavement, which resulted in the relatively lower
level of OCPs.

*e highest concentrations of OCPs in samples were
detected at S5 (30.1 ng·L− 1 in autumn) and S6 (13.5 ng·L− 1 in
spring), and the lowest was at S9 (4.07 ng·L− 1 in spring and
12.5 ng·L− 1 in autumn). Sampling point S9 was connected
with a wetland park. Meanwhile, the OCPs were diluted with
large amounts of water flowed through S9. While the
sampling points S5 and S6 were situated upstream, the
vegetation coverage was relatively large, and the water en-
vironment was relatively stable. *erefore, the levels of
OCPs in Jiuxi Valley were mainly affected by the conver-
gence of stream current and the external environment.

In the upper reaches of the river, the levels of OCPs at S1
and S2 were relatively low in spring and autumn compared
to S3, S4, S5, and S6. S1 and S2 were situated in the
neighborhoods, where the soil was rarely exposed and the
use of OCPs was limited. S3, S4, S5, and S6 were situated in
agricultural areas, and the OCPs were used in agriculture
pest control for decades, resulting in high residual levels.

In recent years, many OCPs contaminations in surface
waters had been reported around the world (Table 2). *e
investigation showed that Jiuxi Valley was slightly con-
taminated by OCPs. *e concentrations of ΣHCHs and
ΣDDTs in the river were at relatively low levels. It was
difficult to assess large-scale temporal changes in water
quality of Jiuxi Valley due to lack of previous studies.

3.2. Seasonal Compositions of OCPs. Changes in the con-
centrations and compositions of isomers and derivatives of
OCPs in the environment keep ongoing, which are connected
with the physicochemical properties of the environmental
medium and the duration of compounds’ exposure [18]. *e
concentration changes of HCHs and DDTs were studied to
identify the seasonal pollution characteristics.

For the individual compounds, four types of HCHs and
aldrin were detected at different sampling sites. Four types of
DDTs, heptachlor, and endrin were detected at multiple
sampling sites.

Table 1: OCPs concentration in surface water from Jiuxi Valley (ng·L− 1).

Compounds
Spring, 12.03.2019–12.04.2019 (n� 32) Autumn, 08.10.2018–08.11.2018 (n� 32)

Mean S. D.a Range Mean S. D. Range
α–HCH 1.45 1.63 0.120–5.24 7.17 3.05 4.31–13.0
β–HCH 0.968 0.798 0.509–2.98 3.84 2.95 2.25–11.5
c–HCH 1.08 0.327 0.844–1.84 3.16 0.854 2.42–5.02
δ–HCH 0.198 0.0589 0.142–0.312 0.598 0.0939 0.485–0.756
ΣHCHs 3.69 2.10 1.71–8.12 14.8 4.99 9.94–23.5
p,p′–DDT 1.11 0.332 0.715–1.84 1.48 0.403 0.849–2.12
o,p′–DDT 0.904 0.421 0.247–1.86 1.45 0.120 0.708–4.13
p,p′–DDD 0.0612 0.0318 <0.04–0.128 0.120 0.109 <0.04–0.316
p,p′–DDE 0.161 0.0680 <0.05–0.246 0.283 0.165 0.0724–0.622
ΣDDTs 2.23 0.615 1.19–3.31 3.34 1.31 1.90–6.23
Aldrin 0.736 0.524 <0.05–1.62 1.28 1.63 0.213–2.45
Heptachlor 0.426 0.554 <0.04–1.75 0.316 0.371 0.0634–1.23
Endrin 0.063 0.0312 <0.04–0.110 0.126 0.0980 <0.04–0.196
ΣOCPs 7.15 3.08 4.07–13.5 19.8 6.65 12.5–30.1
Note. Levels below the LOD were assumed to be half the LOD during the data analysis. aS. D. means standard deviation.
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Figures 2, 3(a), and 3(b) showed the seasonal composi-
tions of OCPs. In the spring, HCHs were the dominant
compounds, contributing 51.6% to the total OCPs, whereas
DDTs contributed 31.2% to the total OCPs. Of all HCH
isomers investigated, α-HCHwas the dominant chemical with
the highest level at S6 (5.24 ng·L− 1). Among all DDT isomers
surveyed, p,p′-DDT was detected with the highest level at S8
(1.84 ng·L− 1). In the autumn, HCHs were also the main
pollutant, contributing 72.7% to the total OCPs, whereas
DDTs contributed 16.4% to the total OCPs. Also, α-HCH and
p,p′-DDT were still in large quantities: α-HCH made up
48.6% of the total HCHs, and the maximum concentration
was found at S5 (13.0 ng·L− 1), whereas p,p′-DDT made up
44.4% of the total DDTs, and themaximum concentrationwas
detected at S6 (2.12 ng·L− 1). p,p′-DDE and p,p′-DDD were
observed at relatively low levels in most locations.

At most sampling points in the Jiuxi Valley, α-HCH was
the main component of the HCH isomers, which was mainly
because of the composition of the technical-grade HCHs.
Technical-grade HCH typical contained 55%–80% α-HCH
[19–21], and technical-grade HCH and DDT were exten-
sively used in the late 60s and 70s in China [11]. Compared
to the other three HCH isomers, β-HCHwas nonvolatile and
more persistent [10]; therefore, it was more likely to accu-
mulate in the environment and accounted for a relatively
large proportion of HCHs in Jiuxi Valley. p,p′-DDTwas the
main pollutant of DDTs mainly because the technical-grade
DDT contained approximately 75% p,p′-DDT [22–24]. In
addition, o,p′-DDT also contributed a relatively large pro-
portion of DDTs. Although DDTs were restricted in 1983,
China was still producing DDTs due to the production of
dicofol. o,p′-DDT and other DDTs remained in the dicofol
product as impurities, and o,p′-DDTwas the most abundant
in these impurities [25]. Dicofol was one of the commonly
used insecticides in agriculture, and the sale and use of
dicofol in China were not completely banned until 2018.

3.3. Sources Identification of OCPs. OCPs participated in
various physical and chemical processes after entering the
environment. Sources of HCHs and DDTs in surface water
might be identified by differences in composition between
HCHs or DDTs.

HCHs in the environment were mainly derived from
historical pesticide residues. *e main sources of HCHs
included technical-grade HCH and lindane. Technical-grade
HCH typically contained 10–15% c-HCH, while lindane was
mainly compounded of c-HCH (>99%) [26]. *e concen-
tration ratio of α-HCH/c-HCH was often applied to esti-
mating the source of HCHs. In general, this ratio was in the
range of 3–7 for technical-grade HCH. *e ratios less than 3
indicated the use of lindane was the main source, and ratios
above 7 suggested great distances migration or recirculation
of technical-grade HCH in the environment [26, 27]. Fur-
thermore, c-HCH could be isomerized into α-HCH under
ultraviolet radiation during long-distance migration, which
might make the ratio exceed 7 [28, 29]. In this survey, the
ratios of α-HCH/c-HCH in the surface water of Jiuxi
Valley were less than 3, which revealed that the HCHs of
Jiuxi Valley were primarily derived from local use of lindane
or input of fresh c-HCH. Actually, the production, use,
import, and export of lindane were not banned until March,
2019 [30].

Table 2: Comparison of ΣHCHs and ΣDDTs in surface waters (ng·L− 1).

Location ΣHCHs ΣDDTs Reference

Yongding river <0.08–13.87 (spring), <0.12–194.34 (spring), [10]<0.08–19.53 (summer) <0.12–88.68 (summer)

Honghu lake 0.95–7.04 (dry season), 0.06–0.49 (dry season), [11]0.79–4.00 (wet season) 0.15–0.82 (wet season)

River Ravi 2.15–12.73 (postmonsoon), 4.09–33.28 (postmonsoon), [13]2.53–6.90 (premonsoon) 3.36–93.15 (premonsoon)
Lake Small Baiyangdian 0.53–6.81 N.D. [14]
Poyang Lake 4.38–59.65 2.31–33.4 [15]
River Hooghly 8–114 N.D.–26 [16]

River Chenab 3.6–200 (summer), 0.55–550 (summer), [17]<6.7–330 (winter) 0.63–580 (winter)

Jiuxi Valley 1.71–8.12 (spring), 1.19–3.31 (spring), *is study9.94–23.5 (autumn) 1.90–6.23 (autumn)
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Figure 2: Concentrations and percentages of HCHs and DDTs in
surface water from Jiuxi Valley.
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p,p′-DDT can be degraded to p,p′-DDE and p,p′-DDD
under aerobic conditions and anaerobic conditions, re-
spectively [31, 32]. *e concentration ratio of p,p′-
(DDE+DDD)/DDTcan be applied to estimating the source
of DDTs [33, 34]. p,p′-(DDE+DDD)/DDT> 1 indicated
that local DDT residues were the primary source, and less
than 1 indicated a new DDT input source [35, 36]. In this
survey, the ratio of p,p′-(DDE+DDD)/DDT in the surface
water of Jiuxi Valley was less than 1 at all sampling points,
which suggested that Jiuxi Valley has a new input source for
DDT contamination.

Other OCPs (including aldrin, heptachlor, and endrin)
had been detected in most water samples of Jiuxi Valley,
although they had never been used extensively in the region.
*ese compounds might come from other regions and
entered the Jiuxi Valley through atmosphere flow. Although
many of these chemicals were forbidden in most areas of the
Northern Hemisphere, they are still used in Southeast Asia
[37, 38]. In addition, probably 45–80% of OCPs migrated to
the rest of the earth [39, 40].

3.4. Potential Ecological Risk Evaluation. Water quality
criteria are critical guidelines on ecological risk evaluation
and water environment management. Some water quality

standards and guidelines (as shown in Table 3) were applied
for the evaluation of OCPs contamination and potential
risks of surface water from Jiuxi Valley.

Chinese standards of surface water (GB 3838–2002)
specify the limits of c-HCH and DDT [41].*e results of this
investigation indicated that the levels of OCPs in all tested
samples were much lower than this standard.

Based on the World Health Organization (WHO) reg-
ulations, the limits for the concentration of selected pol-
lutants c-HCH, δ-HCH, p,p′-DDT, p, p′-DDE, heptachlor,
and aldrin are 2, 2, 2, 2 0.03, 0.03 μg·L− 1, respectively [42].
*e OCPs levels of this investigation were also within the
standard limits set by the WHO.

*e European Union Directive 2008/105/EC specifies the
DDTs concentration limits and the total concentration limits for
aldrin, dieldrin, endrin, and isodrin [43]. *e residual con-
centrations of DDTs in the spring and autumn of Jiuxi Valley
surface water were below the standard limits. Due to the lack of
concentrations of dieldrin and isodrin, it was difficult to ascertain
whether the total concentration of the sum of aldrin, endrin,
dieldrin, and isodrin exceeded the limits of the instruction.

*e Canadian CCME specifies the c-HCH concentration
limit [44]. *e c-HCH residual concentrations in the spring
and autumn of Jiuxi Valley surface water were also below the
standard limits.
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Figure 3: Seasonal compositions and of HCHs (a) and DDTs (b) of sampling points.

Table 3: Surface water OCPs concentration standards (μg·L− 1).

Country/Organization c-HCH DDTs Heptachlor Aldrin Dieldrin Endrin Isodrin
China 2.0 1.0 – – – – –
United States 0.95 1.1 0.52 3.0 0.24 0.086 –
European union – 0.025 – 0.01a

Canada 0.01 – – – – – –
Note. “–” denotes “no data”; “a” means the sum of aldrin, dieldrin, endrin, and isodrin.
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As shown in Table 4, EPA developed OCPs criteria of
ambient water quality for the environment and human
health on the basis of toxicological information [45]. Human
health ambient water quality standards represent specific
concentration of particular chemicals in water that are not
expected to adversely affect human health. Aquatic organism
standards represent the highest concentration of particular
contaminants in water that are not expected to cause major
risks to most aquatic organisms. In this investigation, except
for the p,p′-DDT concentration of individual sampling
points, the levels of OCPs in Jiuxi Valley were lower than the
standard values of chronic toxicity water quality of fresh-
water aquatic organisms. However, although the c-HCH at
all sampling sites, endrin concentrations at all sampling sites,
and β-HCH concentrations at most sampling sites were
below the human health water quality standard, and the
levels of other tested OCPs (α-HCH, p,p′-DDD, p,p′-DDE,
p,p′-DDT, aldrin, and heptachlor) exceeded the value of
EPA recommended water quality criteria for human health.
In particular, the aldrin concentration in the autumn at
sampling site S6 was 3,822 times the standard value. With
these in mind, OCPs pollution might pose ecological risks to
physical health in the district and have limited impact on
freshwater aquatic organisms.

4. Conclusions

In present work, the contamination profiles of 11 OCPs in
surface water of Jiuxi Valley were determined. *e results
showed Jiuxi Valley was slightly contaminated by OCPs, and
the level of total OCPs in autumn was higher than that in
spring. HCHs were the main pollutant in spring, also in
autumn, and α-HCH was the main component of the HCH
isomers at most sampling points. *e HCHs of Jiuxi Valley
were mainly derived from the local use of lindane or input of
fresh c-HCH. New inputs were the major sources of DDTs,
aldrin, heptachlor, and endrin. *e OCP levels of this in-
vestigation were within the standard limits set by most of the
water quality standards and guidelines. However, although
the c-HCH concentrations at all sampling sites, endrin
concentrations at all sampling sites, and β-HCH concen-
trations at most sampling sites were below the human health
water quality standard, the levels of other tested OCPs

(α-HCH, p,p′-DDD, p,p′-DDE, p,p′-DDT, aldrin, and
heptachlor) exceeded the value of EPA-recommended water
quality criteria for human health, indicating potential risks
to human health in the region. In future work, more effort
should be directed towards OCPs in sediments to explore
migration and transformation of OCPs between water and
the sediment.
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Coastal waters are polluted by heavymetals to varying degrees, posing potential risks to marine ecology and human health. InMay
2006, the pollution levels, sources, and ecological risks of heavy metals (Cu, Pb, Zn, Cd, Hg, and As) in seawater, surface
sediments, and living organisms were studied in Jiuzhen Bay in Fujian, China. /is study identified Hg (0.26–0.72 µg/L) and As
(20.3–31.5 µg/L) pollution in the seawater of Jiuzhen Bay. In sediments, heavy Pb pollution (946 µg/g dw) was only detected at one
station at a level posing very serious potential risk, while Hg pollution (0.052–0.087 µg/g dw) was observed at three stations at a
level posing serious potential risk. No heavy metal pollution was detected in sediments at other stations./e concentrations of five
heavy metals (Cu, Zn, As, Cd, and Pb) exceeded the corresponding National Quality Standards for oysters, indicating heavy
pollution, based on an ecological risk assessment. In clams, two heavy metals (Pb and As) exceeded the standards, indicating light
pollution, based on an ecological risk assessment. No heavy metal pollution was found in fish or shrimps. /e heavy metals in the
seawater and sediments of Jiuzhen Bay are mainly derived from the river discharges of Luxi and Wujiang Rivers although sewage
discharge along the coast of Jiuzhen Bay is another source of heavy metal pollution at some stations. Given the pollution of Pb, Hg,
and As in seawater and sediments at some stations within the bay, the potential risks of Pb, Hg, and As in living organisms to both
the marine ecology and human health deserve increased attention.

1. Introduction

Over the past 40 years, because of rapid industrialization and
economic development in China, the problem of soil con-
tamination by heavy metals has become increasingly serious
[1], with large amounts of these soil pollutants being dis-
charged into coastal and estuarine environments by rivers
and other pathways [2, 3]. Compared with other pollutants,
heavy metals are persistent and have toxic as well as bio-
accumulation effects, which severely damage marine envi-
ronments [4]. /erefore, heavy metal contamination has
attracted much attention and become the focus of global
concern in recent years. Estuaries and coastal regions (such
as bays) are important components of coastal systems,

receiving large amounts of heavy metals via riverine input
[5–7].

Estuaries are zone of complex interaction between
fluvial and marine ecosystems in which many critical en-
vironmental processes including sediment deposition,
fresh water-salt water interaction, delta accretion, pollutant
retention, and material-energy exchanges occur. Particu-
larly, the mixing of continental river water and marine salt
water usually leads to flocculation and accumulation
processes of heavy metals [8]. Although metal-aquo
chemistry is the main factor affecting the removal and
transformation of heavy metals, sediment type also has a
major effect on transport and accumulation of heavy
metals. /erefore, the spatial patterns of heavy metals are
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closely related to sediment types [9]. /e spatial distri-
butions of heavy metals are often consistent with those of
fine-grained sediments [10]. Most heavy metals become
part of the sediment through different biogeochemical
processes, which trigger precipitation and deposition [11].
Heavy metals do not behave conservatively, and they are
also affected by changing physicochemical conditions, such
as salinity, pH, and redox conditions [12]. When sedi-
mentary environments change, the heavy metals in the
sediment may be released back into the water body through
various processes of remobilization, producing secondary
pollution within the environment [13]. /erefore, marine
sediments are considered an important sink of heavy
metals, especially in coastal areas.

Heavy metals in seawater and marine sediments can be
directly absorbed by organisms and then accumulated and
transformed within their bodies. Accumulation may be
magnified via the food chain, thereby threatening the marine
ecosystem and human health [14–16]. Zhao et al. [17] re-
ported that some seafood from Xiangshan Bay might pose
noncarcinogenic risks to both adults and children. Although
consumption of most common types of seafood from
Xiamen markets does not pose a noncarcinogenic risk, some
types, such as yellowfin bream (Sparus latus), oyster, and the
Red alga (nori; Porphyra tenera), could form a carcinogenic
risk [18]. /e levels of five metals in marine fish and shellfish
from China are generally low, based on published data.
However, some findings suggest that there are health risks
from exposure to Cd and As in some shellfish [19]. Con-
sidering the pollution of heavy metals in seawater and
sediments in coastal areas, the risk of heavy metal pollution
in seafood deserves greater attention.

Jiuzhen Bay is located on the southern coast of Fujian,
between Gulei and Liu’ao Peninsulas. It is a concave,
semienclosed shallow bay, forming an estuary. Its coastline is
45.97 km in length, with a total embayed area of 69.64 km2.
/e entire bay is occupied by an intertidal shoal, except for
its tidal channel. /e intertidal area accounts for about 80%
of the bay area. /e tidal inlet runs from the bay’s mouth to
the Luxi River outlet [20]. Jiuzhen Bay has rich marine
biological resources and is an important marine aquaculture
base in Fujian. /e main aquaculture species are shellfish.
Along the coast of Jiuzhen Bay, there are multiple industries,
such as wind power generation, shipbuilding, placer mining,
seafood processing, and shipping. In addition, the nearby
Gulei Port Economic Development Zone is one of the seven
petrochemical bases in China./e pollutant discharges from
these various industrial enterprises may be causing serious
environmental impacts on Jiuzhen Bay.

Given the environmental and sedimentation charac-
teristics of Jiuzhen Bay, most of the heavy metals entering
Jiuzhen Bay accumulate within the bay. To date, there has
been no research on the distribution and ecological risk of
heavy metals in seawater, sediments, or seafood of Jiuzhen
Bay. /e purpose of this study was to (1) determine the
contents and distributions of various heavy metals in sea-
water, sediments, and living organisms within the bay; (2)
analyze the sources of these heavy metals; and (3) evaluate
the degree of heavy metal pollution, using the single-factor

pollution index, comprehensive index evaluation, and po-
tential ecological risk index.

/e data provided here will assist the local government
to monitor the change in the heavy metal pollution status of
this area and implement targeted control measures.

2. Materials and Methods

2.1. Sample Collection. A total of nine stations were inves-
tigated during the survey of May 2006, as shown in Figure 1.
A GO-FLO water sampler (General Oceanics, Inc., Miami,
FL, USA) was used for sample collection. Water only within
the surface layer was collected at stations, where water
depths were less than 5m (A1, B1, and B2), while water
samples from surface (Sur) and bottom (Bot) layers were
collected at stations with water depths of 5–20m (B3, C1, C2,
and E1–E3).Water samples were preserved at − 20°C for later
analysis. Sediment samples were collected using a grab
bucket-type bottom sampler; sediments from the 0–2 cm
surface layer were placed in a polyethylene sealing bag and
preserved at − 20°C for later analysis.

Biological samples were collected by trawling, and strict
criteria were used to select adults of local representative
biological species for the study. Specimens were preserved at
− 20°C for later analysis.

2.2. Laboratory Analysis. Six heavy metals—Cu, Pb, Zn, Cd,
Hg, and As—in seawater, sediments, and living organisms
were analyzed in this study.

All water samples were filtered using a hybrid cellulose
ester Millipore filter, which was dipped before filtering in
acid. /e filtrate was acidified to pH< 2 with HNO3 and
stored in a Teflon bottle.

Before analysis of the sediment samples, they were
freeze-dried. All large debris was removed, followed by
grinding and sieving. Dry sediment samples were dissolved
in an equimolar mixture of HF, HNO3, and HClO4, having a
volumetric ratio of 3 :1 : 0.5, and then evaporated to dryness.
/e samples were redissolved with aqua regia, and three
parts of this metal solution were diluted with HNO3.

Edible parts of living organisms were removed using
biomedical stainless-steel implements, smashed using a
stamping machine, blended, and dried in an oven, allowing
moisture content to be calculated. Dried biological samples
were digested like sediments.

Cu, Pb, Zn, and Cd were analyzed using an Agilent 7500a
inductively coupled plasma source mass spectrometer
(Agilent Technologies, Inc., Santa Clara, CA, USA), while Hg
and As were analyzed using an atomic fluorescent pho-
tometer AFS200T (Skyray Instrument, Inc., Stoughton, MA,
USA).

Total nitrogen (TN), total phosphorus (TP), dissolved
inorganic nitrogen (DIN), dissolved inorganic silicon (DSi),
and PO4 were measured using a spectrophotometric
method, while total organic carbon (TOC), redox potential
(Eh), and pH were analyzed using K2Cr2O7 oxidation-re-
duction volumetric method and potentiometer and acid
meter method, respectively. DIN is the sum of NO3

− , NO2
− ,
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andNH4
+. TN, TP, DIN, DSi, and PO4 were analyzed using a

flow injection analyzer (model: Lachat-QC8000). Redox
potential (Eh) and pH were determined using an acid meter
(model: pHS-3C).

2.3. Quality Control and Quality Assurance. Laboratory
quality assurance and quality control methods were prac-
ticed, involving standard operating procedures, calibration
using standards, and analysis of reagent blanks. All samples
were analyzed in parallel at proportions of 10%. Quality
control was ensured by measuring nationally certified
standard reference materials (GBW07314, GBW080042,
GBW080230, GBW080040, and GBW 10050). /e differ-
ences in the concentrations between the certified and
measured values were <5%./e recoveries of all metals were
within the range of 85%–99%. /e relative measurement
error was less than 10%.

2.4. Data Analysis and Evaluation Methods. Pearson cor-
relation analysis was used to quantify relationships among
heavy metals. Data calculation and statistics were performed
with SPSS 17.0 statistical software (IBM, Armonk, NY, USA)
and Microsoft Excel (Microsoft Corp., Albuquerque, NM,
USA). /e figures in this paper were drawn with Surfer 8
(Scientific Software Group, Salt Lake City, UT, USA).

/e single-factor index method was used to evaluate
heavy metals in seawater, using the formula below:

Pi � Ci × Sij, (1)

where Pi is the heavy metal pollution index, Ci is the con-
centration value of a given heavy metal, and Sij is the
standard value of a given heavymetal./e Type I Standard of
the National Seawater Quality Standard (China) was used to

obtain standard values of heavy metals in seawater, yielding
values for Cu (5 μg/L), Zn (20 μg/L), As (20 μg/L), Cd (1 μg/
L), Hg (0.05 μg/L), and Pb (1 μg/L).

Biotoxicity or biological risks of heavy metals in sedi-
ments were evaluated using the potential ecological risk
index proposed by the Swedish scholar Hakanson [21], using
the formula below:

E
i
r � T

i
r × C

i
r � T

i
r ×

Ci

Ci
n

,

RI � 􏽘
n

i�1
E

i
r,

(2)

where Tri is the toxicity response coefficient of a heavy metal
and those of Hg, Cd, As, Cu, Pb, and Zn are, respectively, set
as 40, 30, 10, 5, 5, and 1 [22, 23]; Ci

r is the pollution index of a
given heavy metal, also called its enrichment coefficient; Ci is
the measured concentration of the given heavy metal in
sediments; Ci

n is the background value of the given heavy
metal; Ei

r is the potential ecological risk index of the given
heavymetal; and RI is the total potential ecological risk index
related to multiple heavy metals. /e degrees of ecological
risk corresponding to Ei

r and RI values are given in Table 1.
/e single-factor evaluation method and comprehensive

index evaluation method were combined to evaluate heavy
metals in living organisms. In this case, the National Quality
Standard was a bivalve, referred to as the Type I Standard in
Marine Biological Quality (China) (GB18421-2001). Stan-
dard values for crustacea and fish are taken from previously
determined values from monitoring and evaluation of heavy
metal pollution elements in offshore areas [24].

/e formula for the comprehensive index evaluation
method is given below:

Pij �

�����������������

maxPi( 􏼁
2

+ avePi( 􏼁
2

2

􏽳

, (3)

where Pij is the comprehensive quality index, Pi is the single-
factor pollution index, maxPi is the maximum value of the
single-factor pollution index for a given living organism, and
avePi is the average value of the single-factor pollution index
of a given living organism.

/e degree of heavy metal pollution in marine living
organisms that correspond to values obtained from the
comprehensive index method are given in Table 2.

In this paper, the bioconcentration factors (BCFs) and
biota-sediment accumulation factors (BSAFs) were calcu-
lated to analyze the bioaccumulation of heavy metals from
seawater and sediments in living organisms. /e BCFs in-
dicate the status of organisms enriched in heavy metals from
the surrounding waters, while the BSAFs evaluate the
equilibrium relationship of heavy metal contents in benthic
organisms and sediments, i.e., the indirect absorption of
heavy metals by benthic organisms from their living envi-
ronments [25, 26].

/e calculations are defined as follows:
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Figure 1: Location of the Jiuzhen Bay study area and all sampling
stations.
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BCF �
Cx

Csw
,

BSAF �
Cx

Cs
,

(4)

where Cx and Csw are the mean concentrations of a given
metal in the organism and in seawater, respectively, while Cs
is the mean concentration of the metal in the sediment.

3. Results and Discussion

3.1. Distribution Characteristics and Evaluation of Heavy
Metal Pollution in Seawater

3.1.1. Distribution Characteristics of Heavy Metals in
Seawater. Heavy metal contents in seawater were measured
in samples from all stations within Jiuzhen Bay, as shown in
Table 3. Analysis of their vertical distributions show that the
average values of heavy metals—Cd and Pb—in seawater
from the surface layer were higher than those in the bottom
layer, while other heavy metal contents (Cu, Zn, As, and Hg)
in the surface layer were lower than those in the bottom
layer. Zn concentrations in the bottom layer were twice those
in the surface layer.

/e overall horizontal distribution characteristics were
as follows./e distribution of heavy metals (Cu, As, and Hg)
in the surface and bottom seawater layers were relatively

consistent, both layers showing a decrease from the outer to
inner parts of the bay, with highest values within the bay’s
mouth and outer areas. /ere was a distinct difference in the
distribution of Pb in the surface and bottom seawater layers.
An area having a low Pb content occurred on the inner side
of the mouth. /e Pb content gradually increased in sur-
rounding areas, resulting in a high value at station B1 on the
west side of the bay. In the bottom seawater layer, high levels
of Pb were detected at stations B3 and C2, while Pb gradually
decreased from east to west. An overall decrease from the
bay’s mouth to outer areas was observed for Cd in both the
surface and bottom seawater layers, with the highest values
within the mouth area. /e distribution of Zn varied greatly
in the surface and bottom seawater layers. Although Zn
displayed a consistent trend, like those of Cu, As, and Hg in
surface seawater, its concentration at station C2 in the
bottom seawater layer was 123 µg/L, which was seven times
that of surrounding stations. Distributions of all six heavy
metals within Jiuzhen Bay are shown in Figure 2.

/e contents of heavymetals in seawater measured in the
present study were compared with historical data and
studies of other regions in China (Table 4). In comparison
with historical data [20], the contents of Cu and Cd have
increased markedly. Except for the much higher contents of
Hg and As, the heavy metal contents determined in the
present study were basically consistent with those of the
southern Gulf of China [13, 17, 27–29]. /is comparison
indicates that heavy metal content of the seawater of
Jiaozhou Bay was the highest among all documented bays
[30].

3.1.2. Main Factors Affecting Dissolved Heavy Metal Dis-
tributions in Seawater. According to the correlation analysis
between the heavy metals in seawater and environmental
factors (Table 5), significant correlations were determined
between heavy metals (As, Hg, and Cu) and environmental
factors (PO4, Si, and DIN) (R> 0.605, P< 0.05, N� 15),
indicating certain similar sources of the substances. In fact,
the sources of heavy metals (As, Hg, and Cu) in seawater are
indeed similar to those of PO4, Si, and DIN, mainly being
river water and domestic and industrial wastewater along the
coast of Jiuzhen Bay. /e distribution trend of heavy metals
(As, Hg, and Cu) increased gradually from the mouth of the
bay out to sea. /e higher concentrations at the mouth were
results from the changes in environmental factors such as
salinity and redox factors. Specifically, the heavy metals
adsorbed by suspended particles in the river water dissolved
out, resulting in high contents of As, Hg, and Cu in the
seawater at the mouth. /is is consistent with the conclu-
sions of Zhang et al. [31], in which study it was proposed that
the content of heavy metals in the downstream of the Yellow
River was lower than that at the estuary, and the content of
dissolved heavy metals was closely related to the adsorption
and desorption of heavy metals in suspended particles.

In the seawater of bays and estuaries, heavy metal
content is affected by changes in environmental factors such
as salinity, hydrodynamics, pH, redox, and biological effects
[32, 33]. /e investigation sea area is located at the mouth of

Table 1: Degrees of potential risks corresponding to various values
of the potential risk index (Eri) and total potential ecological risk
index (RI).

Range of potential
ecological risk index
Ei

r of a single heavy
metal

Range of total potential
comprehensive

ecological risk index RI

Degree of
potential

ecological risk

Ei
r < 40 RI< 150 Low potential

ecological risk

40≤Ei
r < 80 150≤RI< 300

Moderate
potential

ecological risk

80≤Ei
r <160 300<RI< 600

Relatively
severe potential
ecological risk

160≤Ei
r < 20 RI≥ 600 Severe potential

ecological risk

Eri≥ 320 —
Very heavy
potential

ecological risk

Table 2: Grades for the comprehensive quality index (Pij) evalu-
ation of heavy metals in marine living organisms.

Grade Comprehensive quality index, Pij Pollution degree
Grade I Pij> 3 Heavy pollution
Grade II 2<Pij≤ 3 Medium pollution
Grade III 1<Pij≤ 2 Light pollution
Grade IV Pij≤ 1 No pollution
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Jiuzhen bay, which is the mixing region of river water and
seawater. /erefore, the environmental factors vary signif-
icantly, posing different degrees of impact on different heavy
metals, which is the main reason for the poor correlation
between heavy metals and environmental factors.

/e maximum value of Pb content in surface seawater
was located at station B1 of shallow water, which is con-
sistent with the location of the high-value zone in the
sediment, indicating that the concentration of Pb in seawater
at station B1 was affected by the content of sediment. Upon
changes of environmental conditions, the equilibrium be-
tween the overlying water and the sediment is broken,
resulting in the migration of heavy metal pollutants from the
sediment to the water body [12]. /e high value area of Pb in
bottom seawater was at the east side of the tidal channel, i.e.,
the Liu’ao Peninsula and the Liu’ao Port. /e population on
the Liu’ao Peninsula is mainly concentrated in Liu’ao Town.
Large amount of sewage discharge from human domestic
and industrial activities to the Jiuzhen Bay resulted in the
high Pb content on the east side of the tidal channel. /e
maximum concentration of Zn detected at the C2 station in
bottom seawater was also caused by the discharge of do-
mestic and industrial sewage from Liu’ao Town.

/e heavy metals in the seawater of the investigation area
aremainly originated from thewater of Luxi andWujiangRiver,
as well as the domestic and industrial wastewater along the coast
of the Jiuzhen Bay. Moreover, the dissolution of heavy metals
from sediments is another source of heavy metals in seawater.

3.1.3. Evaluation of Heavy Metal Pollution in Seawater.
Values of the single-factor pollution indices of various heavy
metals at each station are given in Table 6, and their re-
spective ranges were Cu (0.67–1.27), Zn (0.45–6.13), As
(1.02–1.58), Cd (0.24–0.50), Hg (5.29–14.33), and Pb
(0.25–0.54). Typically, the single-factor pollution indices for
both Hg and As in Jiuzhen Bay were greater than 1, indi-
cating that both metals exceeded the Type I National Sea-
water Quality Standard at all stations. Cu and Zn exceeded
the type I standard at some stations, at rates of 33% and 13%,
respectively. Neither Cd or Pb exceeded the type I threshold.
According to average values of single-factor pollution in-
dices for heavy metals, their pollution degree was
Hg>As>Zn>Cu> Pb>Cd.

3.2. Distribution Characteristics and Evaluation of Heavy
Metal Pollution in Sediments

3.2.1. Distribution Characteristics of Heavy Metals in
Sediments. Average heavy metal contents of sediments

within Jiuzhen Bay are given in Table 7. Pb had highest
values in sediments along the northern coast and in the
northwest part of the mouth of the bay; they progressively
declined eastward. A high value area of all five heavy metals
(Cu, Zn, Cd, Hg, and As) occurred on the northeast side of
Jiuzhen Bay. Heavy metal distributions in sediments are
shown in Figure 3.

/e heavy metal contents in sediments measured in this
present study were compared with historical data and
studies of other regions (Table 8). Compared with historical
data [20], Pb contents have increased markedly, while other
heavy metal contents have remained unchanged. In this
paper, the heavy metal contents in sediments were lower
than those of other marine areas and bays in China
[10, 17, 28, 36, 37], except for Pb content, which was much
higher than in all other locations.

3.2.2. Main Factors Affecting Heavy Metal Distributions in
Sediments. According to our correlation analysis of heavy
metals and environmental factors in the sediments (Table 9),
a significant positive correlation was determined for Cu, Zn,
Cd, Hg, and As (R> 0.737; P< 0.05, N� 9). /is suggests
these metals have the same mode of accumulation in surface
sediments of Jiuzhen Bay. /e main source of these heavy
metals was land-based pollution. Regarding the effect of
environmental factors, the correlation coefficients for total
organic carbon (TOC), TP, total nitrogen (TN), and redox
potential (Eh) with Cu, Zn, Cd, Hg, and As were all relatively
high, showing strong correlations. /e reproduction of
plankton removes nutrients from fresh water inputs,
forming a large amount of organic suspended matter, just
like the natural large-scale ecological beds resulting from
sewage treatment in Jiuzhen Bay [38]. /e heavy metals
combine with organic matter and remain suspended in
water mixing zones water, before being precipitated. /is
may be the cause for the high value areas of all five heavy
metals (Cu, Zn, Cd, Hg, and As) on both sides of the tidal
channel, as well as the higher contents of heavy metals in
sediments within the mouth area, compared with further
offshore.

Based on a comparison of historical background values
[20], the values of Pb in sediments were far higher than those
of other heavy metals. In terms of their distributions, the
correlations of Pb with other heavy metal elements were
nonsignificant. For example, the Pb content at station B1 was
tens of times more than those at other stations with serious
pollution, indicating that increasing Pb content was related
to pollution discharge from land areas on the west side of the
bay.

Table 3: Heavy metal contents in seawater layers of Jiuzhen Bay (μg/L).

Heavy metal type Total average value (range) Average value at the surface layer (range) Average value at the bottom layer (range)
Cu 4.82 (3.37∼6.33) 4.74 (3.37∼5.88) 4.94 (4.05∼6.33)
Zn 22.0 (8.9∼123) 16.7 (11.5∼29.2) 30.1 (8.9∼123)
As 27.0 (20.3∼31.5) 26.3 (20.3∼29.8) 27.9 (25.0∼31.5)
Cd 0.34 (0.24∼0.50) 0.34 (0.24∼0.50) 0.32 (0.29∼0.35)
Hg 0.46 (0.26∼0.72) 0.44 (0.26∼0.72) 0.50 (0.39∼0.67)
Pb 0.37 (0.25∼0.54) 0.37 (0.25∼0.45) 0.36 (0.25∼0.54)
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Figure 2: Continued.
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/e contents of Hg and As in the sediments at Futou Bay
are higher than those at Jiuzhen Bay [36], related to the
polluted discharge from Gulei Peninsula. Evaluation of the

seawater and sediments in Jiuzhen Bay shows that Hg
pollution was heavier than other heavy metals, suggesting
that Futou Bay may be another source of Hg.
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Figure 2: Distributions (surface layer, left panels; bottom layer, right panels) of various heavy metals in the seawater of Jiuzhen Bay (μg/L):
(a) Cu Sur; (b) Cu Bot; (c) Zn Sur; (d) Zn Bot; (e) As Sur; (f ) As bot; (g) Cd Sur; (h) Cd Bot; (i) Hg Sur; (j) Hg Bot; (k) Pb Sur; (l) Pb Bot.
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3.2.3. Ecological Risk Evaluation of Heavy Metal Pollution in
Sediments. Evaluation results of potential ecological risks of
heavy metals in sediments in the surface layer of Jiuzhen Bay
are shown in Table 10. Ranges of the ecological risk index
(Eri) for each heavy metal were Cu (0.54–10.66), Zn
(0.17–2.43), As (2.44–5.91), Cd (3–25.97), Hg (5.8–139.5),
and Pb (6.3–526.7), respectively. /e Eri values of Cu, Zn, As,
and Cd in sediments were less than 40 at all stations, rep-
resenting a low degree of potential ecological risk. In con-
trast, the maximum Ei

r value for Pb in sediments was 526.7
(station B1), which indicates a very serious potential

ecological risk. /e Ei
r values of Pb at all other stations were

less than 40, representing a low degree of potential ecological
risk. /e Ei

r values of Hg at three stations—A1, B3, and
C2—were 83.8–139.5, indicating a relatively high degree of
potential ecological risk. However, the Ei

r values of Hg at all
other stations were less than 40, representing a low degree of
potential ecological risk at other sites. According to the
average Ei

r values of heavy metals, potential ecological risks
related to single heavy metals were ranked: Pb>Hg>
Cd>Cu>As>Zn.

/e overall range of the potential ecological risk index
(RI) was 18.9–556.1 in the study area, with a maximum value
of 556.1 at station B1, indicating a relatively serious potential
ecological risk. /e RI values of stations A1 and B3 were
222.4 and 166.7, respectively, indicating a moderate po-
tential ecological risk./e RI values of all other stations were
less than 150, representing low to moderate potential eco-
logical risks. According to average RI values of all stations,
potential ecological risks linked to sediments at each station
were ranked: B1>A1>B3>C2>B2>C1>E1>E3>E2.

Table 7: Heavymetal contents and background values in sediments
of Jiuzhen Bay (µg/g dw).

Heavy metal
type

Average value
(range)

Background
value Reference

Cu 8.6 (1.1–21) 9.8

[20]Zn 57 (9–134) 55
Cd 0.062 (0.016–0.139) 0.056
Pb 136 (11–946) 9
As 6.3 (3.7–8.9) 15 [34]
Hg 0.028 (0.004–0.087) 0.025 [35]

Table 6: Single-factor pollution indices for heavy metals in sea-
water at all stations of Jiuzhen Bay.

Station Layer Cu Zn As Cd Hg Pb
A1 Sur 0.67 0.82 1.02 0.38 5.29 0.42
B1 Sur 0.87 0.93 1.27 0.36 7.52 0.45
B2 Sur 0.84 0.57 1.18 0.24 5.43 0.25
B2 Bot 0.81 0.54 1.25 0.35 9.01 0.29
B3 Sur 0.91 0.65 1.41 0.32 7.59 0.40
B3 Bot 0.94 0.45 1.35 0.32 7.71 0.54
C1 Sur 0.94 0.65 1.22 0.36 9.43 0.29
C1 Bot 1.02 0.79 1.43 0.35 13.31 0.27
C2 Sur 1.00 0.79 1.45 0.29 6.16 0.41
C2 Bot 0.97 6.13 1.26 0.34 11.95 0.53
E1 Sur 0.94 0.65 1.37 0.37 14.33 0.38
E2 Sur 1.18 0.98 1.49 0.50 10.07 0.43
E2 Bot 0.92 0.47 1.52 0.30 9.01 0.25
E3 Sur 1.17 1.46 1.44 0.29 13.83 0.34
E3 Bot 1.27 0.66 1.58 0.29 8.54 0.28
Total average 0.96 1.10 1.35 0.34 9.28 0.37

Table 5: Matrix chart of correlation coefficients among the heavy metals in the seawater.

As Hg Cu Pb Cd Zn PO4 DSi DIN
As 1
Hg 0.364 1
Cu 0.812a 0.464 1
Pb − 0.176 − 0.040 − 0.080 1
Cd − 0.045 0.218 0.059 0.324 1
Zn − 0.153 0.315 0.076 0.485 0.033 1
PO4 − 0.755a − 0.734a − 0.605b 0.078 − 0.129 − 0.108 1
Si − 0.834a − 0.634b − 0.689a 0.024 0.080 − 0.187 0.918a 1
DIN − 0.813a − 0.667a − 0.665a − 0.004 0.016 − 0.194 0.943a 0.985a 1
aCorrelation is significant at the 0.01 level. bCorrelation is significant at the 0.05 level.

Table 4: Concentrations of heavy metals in seawater (µg/l) in the present study compared to published data for other locations in China.

Region Cu Pb Zn Cd Hg As Reference
Dongshan Bay, China 1.21 1.66 11.1 0.032 — — [13]
Xiangshan Bay, China 4.5 2.23 16.8 0.14 0.061 2.6 [17]
East of Qinzhou Bay, China 0.63 — 8.4 428 0.0205 0.845 [27]
Maowei Sea, China 5.6 2.7 48.4 0.38 0.068 0.42 [28]
Bihe Bay, China 2.76 0.655 13.14 0.088 0.036 0.57 [29]
Jiaozhou Bay, China 2108.02 75.74 85.28 2.93 1.55 52.61 [30]
Data of history 0.40 0.33 0.028 [20]
Study area 4.82 0.37 22.0 0.34 0.46 27.0
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Figure 3: Distributions of various heavy metals in sediments of Jiuzhen Bay (µg/g dw): (a) Cu; (b) Zn; (c) Cd; (d) Hg; (e) Pb; (f ) As.
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3.3. Heavy Metal Contents in Living Organisms and �eir
Associated Ecological Risks

3.3.1. Heavy Metal Content Characteristics in Living
Organisms. Average heavy metal contents of representative
living organisms from the study area are shown in Table 11.
Cu, Zn, and Cd contents were highly variable in different
kinds of living organisms. Average Cu and Cd contents in
oysters were 73.19 μg/g ww and 0.748 μg/g ww, respectively;
these values were much higher than those in fish (0.23 μg/g
ww and 0.001 μg/g ww). /e Zn content was highest in
oysters (234 μg/g ww), followed by those in shrimps
(25.61 μg/g ww) and fish (5.47 μg/g ww). /e content of Hg
was highest in fish (0.043 μg/g ww) and lowest in clams
(0.008 μg/g ww). /e contents of Pb and As were highest in
oysters, with average values of 0.361 μg/g ww and 3.14 μg/g
ww, respectively. /e lowest contents of Pb and As were
detected in shrimps, with average values of 0.008 μg/g ww
and 1.16 μg/g ww, respectively.

Enrichment degrees of most heavy metals in shellfish
were higher than those in fish, as reported by many previous
researchers [29, 39, 40]. In this study, the contents of five
heavy metals (Cu, Zn, As, Cd, and Pb) in oysters were higher
than those in all other living organisms. Two heavy metals
(Cu and Zn) had high contents in shrimps, but these ranked
second to their contents in oysters. /e Hg contents in fish
were higher than those in other living organisms.

3.3.2. Ecological Risk Evaluation of Heavy Metal Pollution in
Living Organisms. Evaluation results of the single-factor
pollution index (Pi) and comprehensive pollution index (Pij)

of heavy metals in living organisms are shown in Table 12.
/e evaluation index (Pi) ranges of various heavy metals
were Cu (0.01–7.32), Zn (0.14–11.70), As (0.15–3.14), Cd
(0–3.74), Hg (0.08–0.50), and Pb (0.03–3.61). /e single-
factor pollution index of heavy metals varied significantly in
different species of living organisms. Although the heavy
metal contents in fish and shrimps were all below the Na-
tional Quality Standards, those in mollusks greatly exceeded
the standards. Pb and As contents in clams were above the
threshold values of their standards, while all heavy metals
(except Hg) in oysters exceeded the standards. /e ranking
of the pollution indices of heavy metals in oysters was
Zn>Cu>Cd>Pb>As>Hg.

/e comprehensive pollution index (Pij) of heavy metals
in living organisms ranged from 0.13 to 9.00. Oysters dis-
played the highest comprehensive pollution index, being
classified as heavily polluted. /is was followed by clams,
which were classified as lightly polluted. Heavy metal
contents of fish and shrimps were not considered polluted.

3.3.3. Analysis of Enrichment of Different Heavy Metals in
Living Organisms. According to the BCF and BSAF values of
various organisms (Table 13), the rankings of enrichment
coefficients of different heavy metals in seawater according
to species were oysters: Cu>Zn>Cd>Pb>As>Hg, clams:
Pb>Zn>Cu>Cd>As>Hg, fish: Pb>Zn>Hg>As>Cu>
Cd, and shrimps: Cu>Zn>Pb>As>Hg>Cd. Likewise, the
rankings of enrichment coefficients of different heavy metals
in the sediments according to species were oysters:
Cd>Cu>Zn>Hg>As> Pb, clams: Cd>As>Hg>Zn>
Cu>Pb, fish: Hg>As>Zn>Cu>Cd>Pb, and shrimps:

Table 8: Concentrations of heavy metals in sediments (µg/g dw) in the present study compared to published data from other locations in
China.

Region Cu Pb Zn Cd Hg As Reference
Changjiang Subaqueous Delta 26.79 26.55 94.34 0.09 [10]Zhejiang-Fujian coastal 33.98 37.69 129.26 0.08
Xiangshan Bay, China 36.8 38.5 120.8 0.15 0.106 12.31 [17]
Maowei Sea, China 30.37 32.10 108.84 0.32 0.07 13.73 [28]
Futou Bay, China 3.54 14.2 25.8 0.079 6.1 [36]
Liaodong Bay, China 19.66 22.64 70.2 0.22 0.056 9.28 [37]
Data of history 9.8 9 55 0.056 [20]
Jiuzhen Bay, China 8.6 136 57 0.062 0.028 6.3 /is study

Table 9: Matrix of correlation coefficients among heavy metals and environmental factors in sediments of Jiuzhen Bay.

Hg Cu Pb Zn Cd As TOC TP TN Eh
Hg 1
Cu 0.970a 1
Pb − 0.151 − 0.158 1
Zn 0.978a 0.983a − 0.129 1
Cd 0.971a 0.988a − 0.155 0.982a 1
As 0.737b 0.850a 0.155 0.828a 0.819a 1
TOC 0.883a 0.921a − 0.163 0.909a 0.941a 0.814a 1
TP 0.944a 0.980a − 0.160 0.945a 0.957a 0.811a 0.839a 1
TN 0.924a 0.966a − 0.063 0.936a 0.937a 0.851a 0.804a 0.990a 1
Eh − 0.877a − 0.914a 0.171 − 0.944a − 0.923a − 0.858a − 0.858a − 0.863a − 0.874a 1
aCorrelation is significant at the 0.01 level. bCorrelation is significant at the 0.05 level. TOC, total organic carbon; TN, total nitrogen; TP, total phosphorus; Eh,
redox potential.
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Cu>Hg>Zn>As>Cd>Pb. /e ranking of heavy metal
contents in living organisms was not consistent with that of
seawater or sediments. /is indicates that, at low concen-
trations, the enrichment of heavy metals is not only related
to the concentrations of heavy metals in seawater and
sediments but also to many other factors.

In oysters, clams, and shrimps, the enrichment coeffi-
cients of Cu, Zn, Cd, and Pb were higher than those of As
and Hg. /is is because Cu and Zn are essential elements of
life; thus, they are actively absorbed by living organisms.
/erefore, the ability of marine organisms to be enriched in
Cu and Zn was much higher than for nonessential metal
elements [41]. Notably, the excretion of Pb and Cd is very

slow in most organisms. Because shellfish are filter feeders,
and both Pb and Cd complexes in suspension and in the
sediments were ingested by and enriched in shellfish [42],
accounting for the high enrichment coefficients of Pb and Cd
in oysters, clams, and shrimps.

According to Table 13, the enrichment coefficient of Hg
was higher in fish than in shellfish. /is is caused by the
higher capacity of fish to absorb Hg through water and food
intake, as well as physiological mechanisms that produce Hg
enrichment within their bodies [43].

Studies have suggested that an enrichment coefficient
greater than 1000 indicates a potential cumulative problem
[25]. In the present study, an enrichment coefficient greater

Table 12: Values of the pollution index (Pi) and comprehensive pollution index (Pij) for single-factor heavy metal pollution in various living
organisms.

Living organism PCu PZn PAs PCd PHg PPb AvePi Pij
Oyster 7.32 11.70 3.14 3.74 0.50 3.61 5.00 9.00
Clam 0.15 0.54 2.41 0.16 0.16 1.89 0.88 1.82
Fish 0.01 0.14 0.48 — 0.14 0.05 0.14 0.35
Shrimp 0.08 0.17 0.15 — 0.08 0.03 0.08 0.13
Average value 1.89 3.14 1.54 0.97 0.22 1.40 1.53 2.82

Table 13: Bioconcentration factors (BCFs) and biota-sediment accumulation factors (BSAFs) of various living organisms.

Factor Living organism Cu Zn As Cd Hg Pb

BCF

Oyster 15185 10636 116 2200 54 976
Clam 309 490 89 91 17 511
Fish 48 249 89 3 93 262

Shrimp 1589 1164 43 15 33 170

BSAF

Oyster 8.47 4.08 0.50 12 0.90

<0.01Clam 0.17 0.19 0.38 0.50 0.29
Fish 0.03 0.10 0.38 0.02 1.54

Shrimp 0.89 0.45 0.18 0.08 0.54

Table 11: Heavy metal contents in various living organisms in Jiuzhen Bay (μg/g ww).

Living organism Cu Zn As Cd Hg Pb Reference
Oyster 73.19 234 3.14 0.748 0.025 0.361

Investigation data in this paperClam 1.49 10.77 2.41 0.031 0.008 0.189
Shrimp 7.66 25.61 1.16 0.005 0.015 0.063
Fish 0.23 5.47 2.40 0.001 0.043 0.097
Bivalve mollusk 10 0.1 1.0 0.2 0.05 0.1 Marine biological quality (China) (GB18421-2001)
Shellfish 100 2.0 8.0 2.0 0.20 2.0 [24]Fish 20 2.0 5.0 0.6 0.30 2.0

Table 10: /e ecological risk index (Ei
r) and potential ecological risk index (RI) values for different heavy metals in sediments at all stations

within Jiuzhen Bay.

Station ECu EZn EAs ECd EHg EPb RI
A1 10.66 2.43 4.73 25.97 139.5 39.1 222.4
B1 1.84 0.61 4.48 6.19 16.3 526.7 556.1
B2 4.77 1.19 4.69 13.41 39.4 18.9 82.3
B3 9.61 2.01 5.91 24.28 91.5 33.4 166.7
C1 1.20 0.40 3.61 4.22 10.2 11.9 31.6
C2 9.23 1.71 5.44 19.22 83.8 27.4 146.8
E1 1.16 0.64 3.39 3.75 9.3 9.4 27.6
E2 0.68 0.17 3.00 3.00 5.8 6.3 18.9
E3 0.54 0.24 2.44 5.53 6.1 6.6 21.5
Average 4.41 1.04 4.19 11.73 44.7 75.5 141.5
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than 1000 was found for Cu, Zn, and Cd in oysters and Cu
and Zn in shrimps, indicating serious accumulation of Cu,
Zn, and Cd by oysters and shrimps in Jiuzhen Bay. Although
the enrichment coefficients of Pb, Hg, and As were lower
than 1000, the pollution levels of Pb, Hg, and As in seawater
and sediments were relatively high. /erefore, the ecological
and human health risks related to Pb, Hg, and As in the
marine organisms of Jiuzhen Bay cannot be neglected.

4. Conclusions

/is study reported the contents, distributions, pollution
levels, and ecological risks of heavy metals (Cu, Pb, Zn, Cd,
Hg, and As) in seawater, sediments, and living organisms of
Jiuzhen Bay. /e seawater was mainly polluted by Hg and
As, while heavy Pb and Hg pollution was detected in sed-
iments at a few stations. /e main sources of heavy metal
pollution in the marine environments of Jiuzhen Bay are
from surface runoff carried by the Luxi and Wujiang Rivers
and coastal discharges from local industries./e enrichment
coefficients of Cu, Zn, and Cd were high in oysters and
clams. According to the comprehensive pollution index
values, the heavy metal pollution in oysters and clams was
classified as heavy and light pollution, respectively. /e
heavy metal contents in fish and shrimps did not reach
polluted levels. Given the pollution of Pb, Hg, and As in
seawater and sediments at some stations within Jiuzhen Bay,
the potential risks of Pb, Hg, and As in living organisms to
both the local ecology and human health deserve increased
attention. To ensure the safety of aquaculture products in
Jiuzhen Bay, the sources of heavy metal pollution should be
strictly controlled, and the polluted areas should be treated
to restore their ecological functions.
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,is paper aims at demonstrating the significance of biochar risk evaluation and reviewing risk evaluation from the aspects of
pyrolysis process, feedstock, and sources of hazards in biochar and their potential effects and the methods used in risk evaluation.
Feedstock properties and the resultant biochar produced at different pyrolysis process influence their chemical, physical, and
structural properties, which are vital in understanding the functionality of biochar. Biochar use has been linked to some risks in
soil application such as biochar being toxic, facilitating GHGs emission, suppression of the effectiveness of pesticides, and effects
on soil microbes. ,ese potential risks originate from feedstock, contaminated feedstock, and pyrolysis conditions that favor the
creation of characteristics and functional groups of this nature. ,ese toxic compounds formed pose a threat to human health
through the food chain. Determination of toxicity levels is a first step in the risk management of toxic biochar. Various sorption
methods of biochar utilized low-cost adsorbents, engineered surface functional groups, and nZVI modified biochars. ,e
mechanisms of organic compound removal was through sorption, enhanced sorption, modified biochar, postpyrolysis thermal air
oxidation and that of PFRs degradation was through activation, photoactive functional groups, magnetization, and hydrothermal
synthesis. Emissions of GHGs in soils amended with biochar emanated through physical and biotic mediated mechanisms. BCNs
have a significance in reducing the health quotient indices for PTEs risk contamination by suppressing cancer risk arising from
consumption of contaminated food. ,e degree of environmental risk assessment of HM pollution in biomass and biochars has
been determined by using potential ecological risk index and RAC while organic contaminant degradation by EPFRs was
considered when assessing the environmental roles of biochar in regulating the fate of contaminants removal. ,e magnitude of
technologies’ net benefit must be considered in relation to the associated risks.

1. Introduction

,e endeavored activities a man is involved in generate
unwanted material. Toxic waste management issues are of
national concern in many countries because of the in-
creased waste generation and lack of recycling, disposal,
and handling capacity and facilities. Toxic waste has been
utilized as biomass in pyrolysis processes to generate
biochar for soil application and has resulted on spreading
of toxic elements in the soil that ends up polluting the
environment, abetting GHGs emission and suppression of
the effectiveness of pesticides, and in the food chain af-
fecting human health. Such potential risks arise from the
feedstock, contaminated feedstock, and favorable pyrolysis

environments that influence their creation. ,ese toxic
compounds formed pose a threat to the environment and
human health as they end up in the food chain through
toxic biochar soil application. Determination of toxicity
levels of biomass for biochar use is an initial step in
managing the risks of toxic biochar. Comparable developed
countries have adopted systematic approaches to toxic
waste identification and management, including scientific
research in reducing, reusing, and recycling related to the
economic level, and waste related policy with regulatory
institutions, and the construction of facilities [1, 2] that has
led to progressive sustainable development changes [3].

An increased number of studies have been paying
attention to cost-effective and environmentally friendly
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solutions on toxic waste management using pyrolysis for
biochar production for environmental sustainability.
Some of these wastes utilized as biomass (garbage or re-
fuse, sludge from a waste treatment plant, discarded
material resulting from industrial, commercial, mining,
agricultural, and community activities) contain high toxic
levels of contaminants such as heavy metals (HM),
polycyclic aromatic hydrocarbons (PAH), polychlorinated
biphenyl (PCB), inorganic pesticides, dioxins, and per-
sistent organic pollutants (POPs) [4–6]. ,e composition
and volume of waste generated and its pyrolysis treatment
and disposal management methods for biochar determine
the number of GHGs released into the air and PTE
leaching. Without proper management and improvement
of the pyrolysis and biochar techniques of waste man-
agement, the emissions of GHGs and toxic material are
anticipated to rise. ,ere have been some gaps in the
production and use of biochar without evaluating the risks
posed from the feedstock and pyrolysis process, under-
mining the sources of hazards and their potential effects to
humans and the environment.

,e nature of hazardous and solid waste materials for
recycling is of great necessity to reduce any contamination to
the environment. Many hazardous wastes can be recycled
safely and effectively other than treatment and disposal, with
benefits of reducing the consumption of raw materials and
the volume of waste materials [7]. ,e materials used in the
construction of landfill caps include low-permeability soils
and geosynthetic products, which prevent permeability of
water through the waste and highly porous soils that drain
water [8]. To prevent toxic leaching, highly mobile waste and
fluid pesticides cannot be directly landfilled without co-
agulation [9]. Stabilization method applies binding and
filling materials (e.g., cement, lime, pozzolanas, thermo-
plastics, fly-ash, and silicate by-products) on hazardous
waste leachable liquid and semisolid contaminants to
physically modify and produce a stabilized solid and reduce
the mobility of contaminants [8]. Stabilized wastes for
landfill disposal may hinder other use of the environment
and it is not effective in immobilizing organic contaminants
[10].

Incineration is a high-temperature (870°C to 1200°C)
destructive ex situ treatment of contaminated waste (in-
cluding soil) fed into the incinerator, under controlled
conditions of high temperature in the presence of oxygen,
volatilizing and combusting the contaminants into in-
nocuous substances [8], with an efficiency of up to 99.99%
for PCBs and dioxins [11]. On the contrary, burning POPs
(e.g., pesticides and PCBs) in incinerators have been linked
with the spread of recent POPs (e.g., dioxins and furans)
contaminating the immediate surrounding [12]. Addition-
ally, industrial use standards and regulations of emission of
gases have brought about the development of new systems
where biomass is heated with controlled or no oxygen for
efficient gasification or pyrolysis [13]. Very high tempera-
tures and long residence time in the cement kiln offer an
alternative to a high destruction efficiency of hazardous
waste. ,e highly alkaline conditions in a cement kiln are
ideal for decomposing chlorinated organic waste [8], with

the destruction of compounds being more than 99% with no
adverse effect on the quality of the exhaust gas [14]. High
calorific value hazardous waste provide high energy resulting
in energy saving. Improved kiln processes to pyrolysis,
mitigate pollution, and increase the energy efficiency by
producing biochar, gases, and liquids for the production of
bioenergy and flaring the gases to reduce global warming
[13].

Contaminants’ mobility and bioavailability have aug-
mented concerns due to soil contamination, food safety,
arising health risks, and GHGs emission. Two major vol-
untary initiatives offer standardization programs to ensure
sustainable biochar production and safety: International
Biochar Initiative (IBI) offers standardized product defini-
tion and testing guidelines for biochar used in soil [15] and
European Biochar Certification (EBC) gives a guideline for
biochar production [16], and they have been developed by
scientists to guide the public on adherence to high ethical
standards of safety and appropriate use. ,e initiatives have
some contaminant parameters where standard methodol-
ogies are used to examine and meet the minimum required
standards for biochar application [17]. Schimmelpfennig
and Glaser [18] established a minimum set of analytical
properties and thresholds for biochar identification, suitable
for soil amendment, and carbon sequestration. ,is helps in
defining the desired stability properties of biochar for
particular use. ,e application of biochar that immobilizes,
stabilizes, and degrades contaminant elements with resultant
safe residue offers a reassurance on the reduction of envi-
ronmental risk. Figure 1 shows the remediation and eval-
uation of contaminated biochar. ,is paper aims at
reviewing the risks posed on the utilization of biochar de-
rived from multiple wastes and the necessary available
mitigation and control measures. ,e significance of the
biochar risk evaluation and reviewing the risk evaluation of
biochar is demonstrated from the aspects of (1) pyrolysis
process, (2) feedstock, (3) sources of hazards in biochar and
their potential effects, and (4) the methods of risk evaluation.
,e irreversibility of applying biochar to soil necessitates an
effective assessment of its stability for use.

2. Biochar

Biochar results from the break down of organic matter
undergoing chemical decomposition to a stable form of
carbon through pyrolysis in an oxygen-limited environment,
usually at temperatures of 350°C–600°C [19]. Pyrolysis is the
thermal degradation of biomass under pressure in the ab-
sence of reacting gases [8]. ,e highly recalcitrant aromatic
nature of biochar can remain stable in soil for hundreds to
thousands of years [20] reducing GHG emission and se-
quester carbon [21]. Synthetic gas (syngas) and pyrolysis
liquor (bio-oil) are additional products of pyrolysis process
that are source of renewable energy [22]. ,e resultant
products and their chemical composition depend on the
kind of feedstock used and the controlling rate of pyrolysis
temperature. Pyrolysis is applicable to solid and organic
materials that may undergo chemical decomposition in the
presence of high temperature with contaminants. It is linked
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to thermal desorption through the conversion of energy of
waste such as solid hazardous waste, mercury-contaminated
soil, hospital waste, and coal [8]. ,is technology is not
applicable for treatment of liquids and explosives materials
with highly oxidizing nature under heat treatment and
materials that cannot be decomposed by thermal treatment
at 600°C [8]. A variety of feedstock and pyrolysis methods
used significantly affect the results in biochar properties.
Tables 1 and 2 show biochar functional group property
changes from varied feedstock and pyrolysis temperature.

2.1. Properties of Biochar. ,e soil amendment of general
properties of biochars irrespective of feedstock used or the
pyrolysis method is the improvement in soil water holding
capacity (WHC), cation-exchange capacity (CEC), soil
carbon, soil nutrient, and crop productivity. ,ese are often
recorded in highly degraded and nutrient-poor soils due to
ability to absorb and retain moisture longer in the soil
[64–68]. Available nutrients are recycled through the critical
role played by the biochar amendment, thus increasing crop
productivity through improved indirect nutrient availability.

,is is by means of pH change, CEC, and soil structure,
resulting in improved fertilizer efficiency, decreased nutrient
leaching, and some effects on nutrient availability [69].
Depending on pyrolysis conditions, biochar has a porous
structure with carboxyl and hydroxyl functional groups ef-
fective in the adsorption of contaminants in soil andminimize
the risk of contaminants entering the human food chain [70]
with the longevity of soil biochar on application. ,ese soil
properties make biochar behave in a different way in different
soil properties due to their varying adsorption behavior and

biological activity [13, 71–74]. Other carbonaceous materials
like biochar such as activated carbon have been used and
exhibit varied performance for toxic compound absorption by
prevention of leaching and secondary contamination [75].

2.2. Advantages and Disadvantages of Biochar. Biochar soil
amendment for stressed agricultural soil improves soil
structure and properties by increasing absorbency capacity
and aeration of the soil [76, 77]. It also mitigates global
warming, restores degraded lands, and balances the effect of
water pollution by removing organic contaminants such as
pesticides and dyes [78, 79]. ,rough this means, it has an
affinity for adsorbing contaminants and keeping them away
from plants [64]. Nutrient balancing created through biochar
application with carbon sequestration in arable land is a way
to alleviate GHG emission as some farmland has exhausted
soil organic carbon (SOC) [64]. However, its application to
fertile soils does not necessarily increase crop yield [64].,ere
are, however, some negatives effects of biochar with the use of
contaminated feedstock for biochar. Table 1 shows some
properties of biochar generated from biomass in the pro-
duction of biochar with resultant toxic elements.

Since biochar production is from a range of feedstock
sources, some contaminants can be present including PAHs,
POPs, HMs, and organic compounds; therefore, there is an
important consideration in the context of adding biochar to
agricultural soils [80] due to negative effects on soil prop-
erties and function. ,ese contaminants may also end up in
the biochar depending on the pyrolysis conditions or the use
of processing conditions that may favor their production
[81]. High rates of biochar application in the soil can affect
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Figure 1: Feedstock recycling, pyrolysis, biochar, and remediation.
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micro-organism survival rates, including plants and animals,
thus necessitating testing of biochars effects before the ap-
plication on agricultural fields to avoid detrimental effects
[82]. However, the negative implications and harmful effects
on the ecological system due to the continued use of biochar
have not been wholly understood [83]. ,ere is need to
identify suitable feedstock for the production of biochar
from a range of biomass as provided for by European
Biochar Certificate (EBC) in the positive list of biomass
feedstock approved for use in producing biochar [84].

Production of biochar for soil application is an important
means for establishing a long-term carbon sink with low-risk
return of CO2 to the atmosphere and the improvement in soil
properties. Utilization of biochar for additional soil carbon has
additional considerable potential to value addition beyond
waste management and prevention of environmental con-
tamination. ,e benefits improve soil nutrient availability and
water holding capacity, hence improving degraded soils and
promoting soil health. However, a range of contaminated
feedstock sources should be avoided by utilizing suitable
sources. ,ese are key components in waste management and
the development agricultural sustainability.

3. Effects of Pyrolysis Process and Feedstock on
Biochar Properties

3.1. Effect of Pyrolysis on Biochar Properties. Laird et al. de-
fined pyrolysis as a thermochemical process where high

temperature transforms waste materials such as wood chips,
crop residues, manures, and municipal wastes in the complete
or near absence of oxygen into renewable energy products–
biochar, bio-oil, and syngas [85]. Biochar is produced as a
product or coproduct from several pyrolysis methods that
include slow pyrolysis (SP), fast pyrolysis (FP), gasification, and
flash pyrolysis [79, 83]. SP feedstock is combusted at temper-
atures between 350°C and 800°C, with the residence time
varying from minutes to several hours, while in FP, the feed-
stock is combusted at temperatures between 425°C and 550°C,
with the residence time being about 2 s [79]. In gasification, the
feedstock is combusted in the presence of oxygen, and at times,
the addition of steam or CO2, at temperatures more than or
equal to 800°C, with the residence time varying from a few
seconds to some hours [79]. SP and FP biochars have different
characteristics physically and chemically and hence different
behavior in soil [71, 86]; therefore, application of partly py-
rolyzed biomass heightens the immobilization of soil N needed
by soil plants and animals [71]. A study FP left a labile
unpyrolyzed biomass fraction that reduced pH and particle size
and increased surface area from wheat straw-derived biochar,
unlike SP biochar that pyrolyzed completely [87].,e residence
time in SP biochars completely pyrolyzes resulting in less
volatile C substrate, ultimately reducing N immobilization [87].
Table 2 illustrates functional group changes of biochar arising
from varied feedstock and pyrolysis temperature.

Hydrochar is produced by hydrothermal carbonization
of biomass treated with hot compressed water without

Table 1: Biochar properties and hazards exhibited.

Biochar feedstock Biochar properties measured (elemental
composition) Hazards exhibited References

Bamboo P, EC, H, Corg, Corg/N, Atomic H/Corg, ash,
CEC, SA (BET), alkalinity Cu, Zn [23]

Municipal sewage sludge pH, volatile matter, ash, fixed carbon, N, C, H,
S, O, Cu, Cr, Zn Cu, Cr, Zn [24]

Pitch pine wood char and natural char Helium solid density, surface area, electrical
resistivity, H/C ratio

40 TCPL contaminant PAHs
detected [25]

Wheat straw pH, SOC, N, bulk density Increased CH4 and CO2 emission
Decreased N2O emission [26]

Rice straw Ash, C, H, N, O, H/C, O/C Cu, Cd, Pb, Cr, Zn, Ni [27]

Green waste compost and hardwood

pH, total organic carbon, water-soluble carbon,
dissolved organic carbon, water-soluble

nitrogen, and concentrations of dissolved total
nitrogen

Pb, Zn, As, Cu
Cd, PAH reduced [28]

Paper mill sludge pH, volatile matter, ash, fixed carbon, N, C, H,
S, O, Cu, Cr, Zn Cu, Cr, Zn [24]

Sawdust Ash, C, H, N, O, H/C, O/C Cu, Cd, Pb, Cr, Zn, Ni [27]

Wheat straw pH, SOC, N, bulk density, surface area, ash
content

CH4 enhanced with more
application

N2O emission reduced, CO2
unchanged

[29]

Rice straw P, EC, pH (H2O), C, N, H, Corg, Corg/N,
Atomic H/Corg, ash, CEC, SA (BET), alkalinity Cu, Pb and Zn [23]

Wheat straw, poplar wood, and spruce
wood Ash content, C, N, H 9 US EPA PAHs identified [30]

Slaughterhouse sludge pH, volatile matter, ash, fixed carbon, N, C, H,
S, O, Cu, Cr, Zn Cu, Cr, Zn [24]
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drying [88]. ,e process of hydrochar production is eco-
friendly with no hazardous chemical waste or by-products
generation compared to dry pyrolysis [89]. ,e advantage is
that hydrothermal process takes place at low temperatures
(150°C to 350°C), and damp feedstock (moist animal ma-
nures, sewage sludge, and algae) can be used [90]. Moreover,
hydrochar reduces alkali, alkaline Earth, and HM contents
over biochar [88]. ,e disadvantage of hydrochar, however,
is that it has generally a low surface area and poor micro-
porosity [91], with a less C stability unlike biochar [64].
Temperature affects the resultant pyrolysis of biomass such
that increasing pyrolysis temperature (450°C–700°C) de-
creases the particle size of biochar [13] and increases particle
density and porosity [92]. ,e increasing temperature
(300°C to 700°C) of urban sewage sludge biochar increased
the resultant pH and electrical conductivity (EC) of biochar
[92]. Low temperatures of 300°C produced biochar with high
N and organic carbon (OC) but low carbon-to-nitrogen (C/
N) ratio and total Na, K, and P contents [92]. In a poultry
manure biochar, increased temperature of pyrolysis (300°C
to 600°C) decreased yield, N, OC contents, and CEC but
increased pH, ash content, OC stability, and the surface area
[93]. ,e increase of pyrolysis temperature leads to the
increase of surface area of biochar, which facilitates higher
sorption.

,e pyrolysis process with a varied feedstock compo-
sition, temperature, pressure, vapor residence time, mois-
ture, and heat rate can be varied resulting in different
quantities of syngas, biochar, and bio-oil product as well as
their intrinsic properties. ,is means that maximizing
biochar yields comes at the expense of the by-products.
Novak et al. [94] opined that biochar production process can
be customized to have specific characteristics matching
select physicochemical problems of a particular degraded
soil for the application of the biochar. Low pyrolysis tem-
perature biochar (350°C) may contain large quantities of
favorable nutrients with low sorptive capacities in com-
parison to high pyrolysis temperature (800°C) [95]. ,is
arises because the C content and aromaticity of a biomass
intensifies with the rise in temperature, whilst oxygen, hy-
drogen, and polarity reduce with an increase in micropores
[52]. In a study, biochar produced at a higher temperature of
700°C was alkaline and applicable in neutralization of acidic
soil and improved soil fertility and sequester C, while
conversely, biochar produced at lower temperatures of
300°C was applicable for alkaline soils to correct the alka-
linity problems [96]. To generate agricultural use biochar
from poultry litter, pyrolysis at 300°C is suited unlike for C
sequestration and other environmental applications [93].

3.2. Effects of Feedstock on Biochar Properties. A variety of
feedstock is used in the preparation of biochar by pyrolysis
method. Farmers and researchers are becoming more aware
of the use of organic wastes and biomass as feedstock sources
for pyrolysis; therefore, careful consideration has to be taken
owing to the large effects of the feedstock on the resultant
physicochemical properties of biochar. Most organic sub-
stances (crop and forestry residues, industrial by-products,

animal manure, and sewage sludge) can be pyrolyzed [83]
for the production of biochar. However, not all organic
substances are suitable for producing biochar for agricul-
tural purpose [83] due to the nature of the source and the
conditions these biomass might have been exposed to. In
addition, some pyrolysis conditions and feedstock source
create biochar that cannot hold nutrients and are subject to
microbial decay [97].

,ere are various potential feedstocks that are ideal with
certain processing conditions for a desired maximum po-
tential benefit in their end-use applications. Woody types
with a high lignin content such as nutshells, residues from
sawmills, and forest waste materials suit to capitalize on
biochar yields [98] due to high quantities of lignin that is
tough to break down in comparison to cellulose and
hemicellulose [22]. Switch grass, a bioenergy crop, pyrolyzed
in SP at 450°C–550°C, without oxygen, with more biomass,
and vapor residence times, and in FP at 450°C–500°C, with
little biomass and vapor residence time, generated syngas,
bio-oil, and biochar [20, 86, 99]. A higher EC and CEC for
crop residue biochar was observed in a study as compared to
wood biochar [30], likened to corn cob biochar, wood
biochar had higher CEC and greater pH neutralization in
another study [100]. Furthermore, the variety of biomass
and existing pyrolysis systems results in variable biochar
produced [78]. Oxidized functional group, ash, and alkali
(Na, K, Mg, and Ca) of feedstock affect biochar pH and EC;
hence, their variability with pyrolysis conditions influences
the resultant nutrient content accessible to plants on the
application of biochar [83].

Biochar is also produced using animal wastes and food
remains. Most manure is used in biogas production and the
solid residue could be biomass in pyrolysis [22]. Plant
nutrients therein, such as P, K, N, Mg, and Ca, maybe at a
high level in the biochar. ,e use of plant product, nutrient-
rich manure, and animal product for soil application biochar
may decrease nutrient run-off and GHG emissions, such as
CH4 and N2O [101]. ,e efficacy of rice straw char in a study
was more than bamboo char in alleviating CH4 and CO2
emissions from paddy soils [21]. Amendment of biochars to
soil enhanced the sorption of carbaryl pesticide due to
chemical and biological degradation of the pesticide [41]. Pig
manure char enhanced hydrolysis of carbaryl and atrazine in
biochar at 700°C by decomposing the pesticide by 71.8% and
27.9% in 12 hours [51]. Some agricultural biomass are
however not appropriate as biochar for agricultural appli-
cation [80, 102]. Pyrolysis conditions and feedstock types
can result in ineffective biochar in retaining nutrients and
are prone to microbial decay [102]. Biochar derived from
MSW and animal manure are rich in nutrients; however,
they have been in limited use for agricultural soil due to
safety concerns from toxic contamination of HM and or-
ganic pollutants such as PAHs dependent on their source.
On the contrary, some sewage sludge biochars have low HM
contents below risk levels and of low bioavailability levels to
plants [96].

A variety of biomass is being employed in generating
biochar at varied pyrolysis conditions, governing biochar
properties. It is hence essential to categorize and rank suitable
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feedstock for the production of biochar [83]. Varied prop-
erties of feedstock materials and the resultant biochar pro-
duced due to different production process influence their
chemical, physical, and structural properties. Appropriate
feedstock is a limitation since most available sources comprise
residues from agricultural and forest biomass. ,e resultant
properties of biochar are vital to appreciate functionality of
biochar in the soil and potential to control GHG emission.

4. Hazards in Biochar

4.1. Sources of Hazards in Biochar. ,e use of biochar is
linked to certain risks, such as biochar being possibly toxic,
retaining HMs, and suppression of the effectiveness of
pesticides and effects on soil microbes, in agricultural land
[28, 103–105]. ,e biochar may potentially contain elements
that may facilitate the emission of GHGs on their application
to plant production. ,ese potential risks are formed from
feedstock, contaminated feedstock, and pyrolysis conditions
favoring the creation of characteristics and functional
groups of this nature. Table 3 shows identified concentration
of toxic organic and inorganic compounds in biochars.

Biochar has received increasing attention concerning its
ability to immobilize HMs and reduce their bioavailability in
soil plants. However, it has also been attributed to being a
source or an enhancer of HMs content. Among some of the
HMs identified in a variety of biochar include iron (Fe), zinc
(Zn), copper (Cu), manganese (Mn), lead (Pb), silver (Ag),
cadmium (Cd), chromium (Cr), calcium (Ca), Mercury
(Hg), Arsenic (As), and nickel (Ni). Biochar produced from
organic waste such as sewage sludge has been associated with
carrying numerous HMs [109]. Sludge such as municipal
sewage, pulp and paper mill effluent, and slaughterhouse
sludge have high potential of toxicity due to high contents of
HMs such as Cu, Cr, Pb, Ni, Cd, and Zn [24, 106]. In a study,
Cu and arsenic (As) HM contents were enhanced more than
30 times with the application of biochar and at the same time
an increase in C and pH in the soil [28]. Organic elements of
biochars with high carboxyl contents activate Cu taken by
alkaline soil [33]. Similarly, an increase in As and Cu mo-
bility was noted on biochar application contrary to the effect
on Cd that was insignificant [110]. ,ese HMs become toxic
contaminants to the soil because of their bioaccumulation
potential to micro- and macro-organisms. High concen-
trations of HMs in contaminated soils may cause continued
risks to the environment affecting plants, animals, and
human health.

Potential sources of hazardous compounds include
PAHs, polychlorinated dibenzodioxins (PCDDs), poly-
chlorinated dibenzofurans (PCDFs) [18], and toxins such as
volatile organic compounds, xylenols, cresols, acrolein, and
formaldehyde [56, 103, 111, 112]. PAHs have been identified
to be detrimental to plants and microbial organisms
[113, 114]. Some toxic PAHs formed during biochar syn-
thesis through incomplete incineration are recalcitrant to
some extent; nonetheless, an increase in synthesis temper-
ature can affect PAH contents [64]. In a study, PAH levels
increased with increasing pyrolysis temperatures in straw-
based biochar unlike a reduction in wood-based biochar

[30]. Numerous biochars produced from pitch pine wood
has exhibited PAHs levels [25]. ,e toxic elements are
frequently catalyzed by Fe and Cu and may be produced by
the catalytic combination of dioxin structures from O2, C,
and chloride (Cl) at temperatures of 300°C to 325°C in-
cluding other reactions after combustion [103]. Table 3
shows some studies that have highlighted toxic organic
contaminants (PAH) and heavy metals measured in the
studied biochar material. ,ese are potentially toxic sub-
stances that can result in accumulation of contaminants in
the soils amended with biochar.

4.2. Potential Risks of Hazards in Biochar

4.2.1. Effects on Crop Production and Soil Quality.
Proper application of biochar in the soil increases soil quality
resulting in increased productivity; however, improper ap-
plication might reduce crop productivity and deteriorate soil
quality [64]. Studies conducted revealed the reduction of the
grain yield of rice by 10% and 26% on application of biochar
at 8 t and 16 t·ha− 1, respectively, [115] and a reduction of
ryegrass yield by 8% and 30% on application of biochar 100 t
and 120 t·ha− 1, respectively [116]. Yield reduction on in-
creasing biochar application per hectare can be owed to
immobilization of N caused by excessive C/N ratios [117],
and hydrophobicity [111]. Moreover, application of biochar
on heavy clayey soil can also cause waterlogging including
harming acid-loving organisms [118]. ,e nutrients con-
tained in biochar can increase its levels in the soil on ap-
plication subject to biochar feedstock. Biochar is not as
beneficial in soil with plenty of soil organic matter (SOM) as
a result, the application may reduce plant growth [118].

Improper biochar type application to soils such as al-
kaline soil amended with high pH biochar might adversely
affect soil quality [119]. Additionally, other biochars may
also have a large quantity of ash containing salts causing
salinity [64]. Sorption of pesticides by biochar has been
shown to reduce pesticide remains in crop soil. 1% appli-
cation of biochar to spring onions reduced the bioavailability
of two pesticides applied in soil by less than 50% over 35
days’ period [120]. ,is will, however, have direct impli-
cations in controlling pests due to the inefficiency of pes-
ticides in the soils, which, in addition, may result in their
increased application in the soil to control pests, hence
endangering the crop harvest [121, 122].,is is an indication
of the ability of biochar to immobilize plant nutrients and
chemicals in the soil affecting economic pesticide applica-
tion and quality of the harvest.

4.2.2. Effects on GHG Emission. ,e effect of biochar ap-
plication into soil has been documented to either reducing or
contributing to GHG emission through CO2, CH4, and N2O.
Studies have shown that biochar application enhances GHG
emission. Biochar application pyrolyzed at 350°C–550°C
from wheat straw at 40 t·ha− 1, with and without N height-
ened the CH4 emission by 34% and 41%, respectively [26],
CO2 emission by 12% [29] and 44.9% from municipal bio-
waste biochar in rice [123]. It was also reported that 24 t and
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48 t·ha− 1 of biochar applied from pyrolysis (500°C) of wheat
straw increased the emission of N2O by 150% and 190%,
respectively [124].

Soils amended with biochar at high rate derived from
bamboo and rice straw pyrolyzed at 600°C reduced CH4
emissions from the paddy soil by 51.1% and 91.2%, re-
spectively, in comparison to paddy soil without biochar,
while more CO2 was dissolved in the water under alkaline
condition reducing CO2 emission from the paddy soil at all
rates of biochar application evaluated [21]. ,ere was no
significant effect on CH4 uptake from forest soil and
grassland soils applied with pine sawdust-derived biochar
produced at 550°C with and without steam activation, but
cumulative N2O emission significantly reduced by 27.5%
and 31.5% in forest soil and 14.8% and 11.7% in the
grassland soil, respectively, while cumulative CO2 emission
from the forest soil by 16.4%, but not from the grassland soil
as compared to the control soil without biochar [125]. In-
creased soil organic matter through biochar application has
positive impacts on soil physical properties, indirectly
contributing to climate change mitigation by decreasing the
quantity of N fertilizer required for crop production.

4.2.3. Effects on Human Health. Biochar in its dust form
poses danger to humans during application in agricultural
farms. Biochar generated from rice husk at high tempera-
tures above 550°C contains toxic crystalline substance [126]
including silica, that poses risk to human health [127]. When
inhaled during biochar production, movement, and appli-
cation process, it affects the respiratory system. ,ere is a
need for care during top dressing with biochar, and care
should be taken to prevent erosion by wind and water and to
manage health risks from biochar dust. Hence, such biochar
producers must ensure quality control on the use by
employing appropriate health and safety precautions during
handling and application to soil [126]. Human health is
additionally affected by the use of intoxicated biochar as a
soil applicant, as indicated in Figure 2. Toxic elements and

organic compounds pose a prominent risk to human health,
leading to organ failure, due to their highly toxic carcino-
genic substances in their compounds [128]. ,ese toxic
compounds become a threat to human health through the
consumption of food through plants.

5. Risk Evaluation of Hazards in Biochar

Several evaluation methods have been utilized in various
studies on the concentration of HMs, organic compounds,
and the alleviation of GHGs. ,ey include sorbent of ex-
tractable HMs, immobilization, stabilization of HMs, and
metalloids concentration. Several mechanisms have been
described occurring on the surface of the biochar among
them: electrostatic attraction of metal cations with mineral;
cation exchange of metal ions with mineral ions; interaction
of metals ions with functional groups of biochars; and
precipitation of HMs. ,e properties of the soil are im-
portant factors to consider in the immobilization and bio-
availability of HMs, and hence, regulating to determine the
right condition using various biochars would be important.
,ere are a number of ways to evaluate the risk parameters of
biochar depending on the content of evaluation.

5.1. Toxicity Characteristics of Leaching Procedure (TCLP).
TCPL determines if waste meets the environmental pro-
tection toxicity definition levels of hazardous waste. ,e
TCLP is designed to determine the mobility of both organic
and inorganic analytes present in liquid, solid, and multi-
phasic wastes with capability to analyze and test for 40
contaminants of maximum concentration for toxicity
characteristic [129]. If a sample of tested waste fails one or
more of these contaminant compounds, then it is considered
to have a hazardous waste characteristic. It is important to
have in mind that a characteristic waste with any of the 40
contaminant material may still be considered as hazardous
waste even if there is an exemption that applies [129].
Leaching behavior of HMs and organic and inorganic

Table 3: Identified concentration of toxic organic and inorganic compounds in biochars.

Feedstock Pyrolysis temp (°C) Concentration of toxic elements Reference
Green waste compost and hardwood — Cu, Zn, Pb, Cd, As, PAH [28]
Pitch pine wood 450 to 1000 40 PAH [25]
Paper mill sludge 200, 300, 400, 500, 600, and 700 Cu, Zn, Pb, Cd, Ni, Cr [106]
Beech wood 400 Cu, Zn, Ni, B, 18 PAH [32]
Municipal solid waste 400, 500, and 600 Cu, Zn, Pb, Cd, Ni, Cr [43]
WWTP sewage sludge 500 Cu, Zn, Pb, Cd, As, co, Mn [61]
Rice hull 500 Cu, Zn, Pb, Cd [56]
Wheat straw, poplar wood and spruce wood 400, 460, and 525 16 PAH [30]
MWWTP dewatered sewage sludge 600 Cu, Zn, Pb, Cd, Ni, Cr [46]
Municipal solid waste, rice straw and wood (Chinese
fir) sawdust 300 Cu, Zn, Pb, Cd, Ni, Cr [27]

WWTP sludge 550 Cu, Zn, Pb, Cd, Ni, Cr [63]
MSS, paper mill sludge and slaughterhouse sludge 550 and 750 Cu, Zn, Cr [24]
WWTP sewage sludge 500 16 PAH [107]
MWWTP digested sludge 350, 500, 650, 800, and 900 Cu, Zn, Pb, Cd, Ni, Cr, Mn [108]
Rice straw and bamboo 550 and 750 Cu, Zn, Pb [23]
MSS, municipal sewage sludge; MWWTP, municipal wastewater treatment plant; WWTP, wastewater treatment plant.
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analytes can be analyzed using the toxicity characteristic
leaching procedures defined by the US EPA TCLP procedure
[129].

5.2. HeavyMetal Concentration. HMs are a group of metals
and metalloids with relatively high densities and are toxic at
low-level concentrations occurring naturally or artificially.
,e release of these metals into the environment both
naturally and anthropogenically can cause serious pollution
through leaching of HMs into water resources and soil.
Table 4 shows identified heavy metals and their reported
effect in biochar application.,e controlling factor to recycle

and dispose contaminated waste is the accumulation and
bioavailability of toxic elements. HMs, unlike organic pol-
lutants, are non-biodegradable with a tendency to accu-
mulate in living organisms such as plants and animals. ,e
reuse of waste becomes possible with the removal of con-
taminants or immobilized/stabilized wastes present in order
to allow recycle into raw material. Devi and Saroha [106], in
their experiment to determine the risk analysis of bio-
availability and eco-toxicity of HMs in biochar, used se-
quential extraction procedure to determine HM
concentration in biomass and biochar using the following
equation [106, 135]:

HMconcentration (mg|kg) �
[HMconcentration (mg|L) × total volumemakeup (mL)]

weight of solid sample (g)
. (1)

,e toxicity of HMs depends on the total and bioavailable
concentrations. Copyrolysis of pig manure and rice straw
considerably reduced in the biochar the extractable con-
centrations of bioavailable Cu and considerably reduced the
concentration of interchangeable and carbonate-associated

Zn as compared to pig manure biochar at the same tem-
peratures [136]. ,e dilution effect reduced the total and
bioavailable Cu and Zn concentration associated with the
minerals, surface area, and surface functional groups of
biochar that are believed to reduce the release of HMs by

Feedstock

Risk to 
environment: soil
and ground water 

contamination
(HMs, POPs)

Emit GHGs 
(CO2, N2O, 

CH4)

Toxic 
biochar 

(HMs, POPs)

Risk to humans: 
contaminated 
food & water 
(HMs, POPs) 

Contaminated 
feedstock 

(HMs, POPs)

Figure 2: Risk of contaminant reaching environment and food chain.
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Table 4: Heavy metals identified and risk effect in biochar application.

Feedstock Pyrolysis
temp (°C)

Hazard-GHGs
exhibited Risk effect Reference

MSS, slaughterhouse sludge, and paper
mill sludge 550, 750 Cu, Cr, and Zn

Pyrolysis affected toxicity by reducing
Cu and Zn in sludge.

750°C favored migration and
transformation of HMs.

HM environment risks decreased.
Dewatered sludge was highly toxic

before pyrolysis.

[24]

Bagasse 600 Cr(VI), Crtotal

Cr(VI) and Crtotal immobilization
efficiency was 100% and 92.9%.

Remediation reduced the phytotoxicity
of Cr.

Leachable Fe and was favorable for
plant growth.

[130]

Broiler litter 350, 700 Cu(II), Cd(II), Ni(II)

High carboxyl mobilized Cu(II)
retained by alkaline soil.

Base treatment of 350°C char improved
the immobilization of all heavy metals.
Total sulfur released in soluble form in

soil amended char.

[33]

Residential sewage sludge and corn cob — As, Cd, Cu, Pb, Hg, Mo, Ni,
Se, Zn, Cr

Pb, Ni, Cu, Zn, Cr largely retained in
the biochar carbonization.

Hg, As, Cd, and Se fairly released
during carbonization.

Carbonizer biochar never adsorbed
much volatile HMs.

Biochar unsuitable for land
application.

[34]

Peanut straw (PS), soybean straw (SS)
and canola straw CS) 400 Cu(II)

,e adsorption increased with increase
in pH.

,e adsorption order of char:
PS> SS>CS.

Cu(II) adsorption greater than
commercial activated carbon.

[131]

Dairy manure 200, 350 Cu, Zn, Cd

Biochar at 350°C more effective in
sorbing all three metals.

Both biochars had highest affinity for
Cu, then Zn and Cd. Mineral in
biochar influenced biochar’s high

sorption capacity.

[37]

Pine wood 600 As, Pb

Modified biochars sorbed higher
As(V),Pb(II) than unmodified

Birnessite enhanced biochar had
highest sorption enhancement due to

strong As(V) and Pb(II) affinity.

[132]

Peanut shell and Chinese medicine
material residue 300–600 Pb

Pb2+ adsorbed on biochars.
Biochars (>500°C) and Pb2+ sorption

complexation reduced.
Pb2+-π interaction was enhanced.

[133]

Pine wood and natural hematite 600 As

Stronger magnetic property of aqueous
As by modified biochar.

Magnetized biochar can be used in As
contaminant removal.

[54]

MWTP sewage sludge 300, 500, and
700 Cu, Zn, Cr, Ni, Pb, and Cd

HTP and pyrolysis immobilizes HMs.
High-temperature reduced the HMs

ecological risk.
Higher temperature HTP process

transforms bioavailable fraction HMs
to more stable fractions.

Potential environmental risk of the
HMs in sludge transformed from high-

risk to low-risk, or even no-risk.

[45]
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chemical extraction reagent [136–139]. Similarly, this was
observed in the copyrolysis of sewage sludge with rice straw/
husks, with the addition of rice straw [140, 141].

Various sorption methods have been examined on HMs
using a variety of biochars, including surface precipitation,
functional groups, coprecipitation, and π-π interaction
[63, 131, 133, 142]. Sorption of Pb using sludge-derived
biochar in the determination of acid mine drainage treat-
ment containing metals efficiently removes Pb2+, the reason
being that Pb sorption primarily involved the coordination
with organic hydroxyl and carboxyl functional groups, as
well as the coprecipitation with the release of Ca2+ and Mg2+
[63]. Adsorption of Cu2+ by three crop straws biochars
indicated that adsorption involved carboxyl and hydroxyl
groups, with canola straw having more adsorption of Cu2+
compared to the other two biochars [131]. ,e relationship
between Pb2+ adsorption and physicochemical properties of
peanut shell and material from Chinese medicine-derived
biochars indicated that functional groups complexation,
Pb2+-π interaction, and minerals precipitation jointly con-
tributed to Pb2+ adsorption [133]. Two biochars in the
sorption of Pb2+, Cu2+, Ni2+, and Cd2+ from aqueous so-
lutions indicated effectiveness in removing the four HMs
mainly through surface precipitation mechanism [142].

Broiler litter biochar (350°C and 700°C) enhanced HM
immobilization (CdII, CuII, NiII, and PbII), and cation ex-
change was outweighed by the coordination of π-π electrons of
carbon and precipitation [33]. HM anions stabilizers (Al2O3,
CaCO3, FeCl3, and NaOH) on biochar with varied pyrolysis
temperature have been experimented on. Slow pyrolysis
hickory wood (600°C) with the modification of NaOH con-
siderably improved biochar’s surface area, cation-exchange
capacity, and thermal stability showed higher sorption of HMs
(Pb2+, Cu2+, Ni2+, Cd2+, and Zn2+) but preferentially removed
Pb2+ and Cu2+ out of the mixed metal solution adsorption
capacity as compared to pristine biochar [40].

Low-cost adsorbents including synthesizing biochar
with Fe and Ca has been used in the removal of As and Cr
from aqueous solutions. Organic municipal solid wastes,

sewage sludge, rice husk and sandy-loam soil biochars
(300°C) in the adsorption of As(V) and Cr(III and VI) from
aqueous solutions managed to remove more Cr(III) and less
As(V) and Cr(VI) due to high Fe2O3 content [143]. In-
dependently, sewage sludge biochar removed 89% of Cr(VI)
and 53% of As(V) due to enhanced metal adsorption via
precipitation, unlike sandy-loam soil biochar that most ef-
fectively removed As(V) but could not retain metal anions
unlike biochars [143]. Further investigations using rice husk
biochar (300°C) impregnated with Ca and organic municipal
solid wastes and rice husk biochars (300°C) impregnated
with Fe for the removal of As(V) and Cr(VI), revealed that
the enhanced biochars demonstrated low Cr(VI) removal
rates. However, there was high As(V) removal capacity
compared to the non-impregnated biochars due to metal
precipitation and electrostatic interactions [144]. Pyrolyzed
magnetic biochar (hematite mineral and pine wood bio-
mass) at 600°C revealed a cheap source and unlike the
unmodified biochar, the hematite-modified biochar not only
had strong magnetic property but also the superior capa-
bility to remove As, due to sorption sites created through
electrostatic interactions with Fe [54].

Engineering surface functional groups of biochar has
been crucial in the advancement of high-performance ad-
sorbents of HM and organic contaminants and coconta-
mination. Cd pollution in soil and water resources is a
serious threat due to its release in the smelting of iron, lead,
and copper ores. Modification of biochars using Bentonite
(Bt), Fe and Mn oxides, and nanoscale zero-valent iron have
been utilized in the removal of As and Cr. Due to the poor
adsorption capacity of pure nanometals caused by ag-
glomeration in aqueous solution, modified nanometals have
demonstrated high-capacity adsorption. Bt-coated rosin
biochar pyrolyzed at 400°C revealed fast and high Cr(VI)
adsorption capacity with removal effectiveness of 95%
within a minute under both acidic and basic conditions due
to the dispersion of nanoparticles through the biochar
network [145]. Fe-impregnated biochar indicated more
sorption of aqueous As compared to pristine biochar, and

Table 4: Continued.

Feedstock Pyrolysis
temp (°C)

Hazard-GHGs
exhibited Risk effect Reference

Paper mill sludge 270 to 720 As(V) and Cd(II)

Equilibrium uptakes of As(V) and
Cd(II) were 22.8 anf 41.6mg/g.

Decreased As(V), Cd(II), Ni(II) ions
adsorption increased PO4

− 3

concentration.
Regeneration demonstrated through

NaOH or HCl desorption.

[134]

Pine wood sawdust 500 Cd, Cr, Pb, Ni

BCNs cutback health hazards of PTEs.
Reduced bioavailability and uptake of
PTEs by wheat plants. ,e hazard

indices (HIs) for PTEs in all treatments
were<1. ,e cancer risks for Cd, Cr,

and Ni higher in all treatments.
BCNs addition suppressed cancer risk

compared to control.

[55]

HTP, hydrothermal pretreatment.

Journal of Chemistry 13



further investigation suggested that As sorption was mainly
controlled by the chemisorption mechanism [146]. Pyrolysis
of paper mill sludge produced with Fe/Ca-rich engineered
biochar showed a decrease in adsorption of As(V) and
Cd(II) with an increase in PO43− concentration and Ni(II)
ion, respectively, and NaOH or HCl desorption renewed the
absorption [134]. Biochar modified with sodium alginate
using Ca(II)-impregnated biomass resulted in the removal of
high Pb(II) capacity compared to most adsorbents due to
anti-interference caused by functional groups and minerals
of the biochar [147].

Nanoscale zero-valent iron (nZVI) biochars for the re-
mediation of Cr-contaminated soil exhibited immobiliza-
tion of Cr(VI) and reduced the phytotoxicity of Cr and the
leachable Fe favorable for plant growth [130]. Modified
biochar produced with acid, base, and oxidation treatment
that supported zero-valent iron nanoparticles improved the
removal of Cr(VI) using acid treated biochar, owing to the
large surface area, low surface negative charge, and low pH
[148]. Magnesium oxide nanoparticles stabilized on
N-doped biochar synthesized by fast pyrolysis (400–600°C)
resulted in a high Pb adsorption capacity in short equilib-
rium time (<10min) and a large material through the system
including removal of Cd2+ and tetracycline [149]. Modified
biochar through activation has demonstrated great sorption
efficiency of HMs.

,e degree of environmental risk assessment of HM
pollution in biomass and biochars has been determined by
using potential ecological risk index and risk assessment
code. Potential ecological risk index (RI) is used to assess the
degree of potential risk of HM pollution in biomass and
resultant biochar. ,e following ecological risk index
equation were proposed and used [106, 150].

Cf �
Ci
Cn

,

Er � Tr × Cf ,

RI � 􏽘Er.

(2)

Cf, the contaminant factor of a HM, is the sum ratio of
the HM concentrations extracted from the sequential ex-
traction to the concentration of the HM in the residual
fraction [151]. ,is value is inversely proportional to the
leaching potential of the HM; Ci is the mobile fraction and
Cn is stable fraction of the HMs; Er is the potential ecological
index for individual HM; Tr is the toxic factor of the in-
dividual HM; and RI is the potential ecological risk index
and it is obtained by multiplying the contamination factor
(Cf) of the HM with the toxic factor (Tr) of the HM. ,e Tr
values for individual metal can be obtained from Hakanson,
[150, 152]. ,e potential ecological risk index (RI) of bio-
mass and resultant biochar is obtained by adding the po-
tential ecological index (Er) of each HM present in the solid
[106].

Risk assessment code (RAC) evaluates HM toxicity in the
environment including assessment of potential risk of HM

in biomass and resultant biochar [24, 46]. RAC is based on
the percentage of directly bioavailable exchangeable metal
and carbonate-associated fractions of the total HM, and the
value is obtained from the total amount divided by the total
concentration of available HM multiplied by one hundred
percent [46].

RAC �
total amount of available heavy metal
total concentrations of available HM

× 100%. (3)

5.3.OrganicChemical (POPs)Concentration. Biochar from a
variety of biomass and waste products has been utilized and
investigated in the elimination of organic substances
through various mechanisms. ,e porosity of biochar de-
velops more with the increase in relative high pyrolysis
temperature and the lack of activation process limits pol-
lutant removal efficiency, including other value-added ap-
plications [35]. Table 5 shows some reported effects of
biochar utilization on detected organic pollutants. ,e
mechanisms of removal by biochar through adsorption
include hydrogen-bond, π-π electron donor-acceptor in-
teraction, pore-filling, and hydrophobic effect for organic
compounds [50, 51, 57, 159]. Single- and bisolute sorption of
organic compounds (1,3-dichlorbenzene (DCB), 1,3-di-
nitrobenzene (DNB), and 2,4-dichlorophenol (DCP)) on
ground tire rubber char (200°C–800°C) in a study showed
that the organic compound surface area, aromaticity, and
hydrophobicity increase greatly with pyrolytic temperature
[57]. ,e adsorption was attributed to pep electron donor-
acceptor interaction, H-bonding, and partition [57]. Soy-
bean stover and peanut shell biochars (300°C and 700°C)
removed organic compounds from water through adsorp-
tion dependent on the biochar’s properties and its efficiency
comparable to that of activated carbon due to increased
hydrophobicity, surface area, and decrease in polarity [50].
Pig manure biochar adsorbed pesticide (carbaryl and atra-
zine) with enhanced hydrolysis due to high pH through
hydrophobic effect, pore-filling, and π-π electron donor-
acceptor interactions [51]. ,e sorption behavior of organic
pollutants on biochars (300°C and 700°C) determined from
orange peel, pine needle, and sugarcane bagasse feedstock
resulted in biochar (300°C) displaying high sorption due to
high adsorption fraction on the surface and pore-filling
mechanisms [159].

Biochar with enhanced sorption capacity or selectivity
for pollutant removal through activation, magnetization
[60, 154], and hydrothermal synthesis has been researched
on. Recently, N-doped porous carbons have demonstrated
better performance in adsorption [35, 53, 60], catalysis, and
capacitors relative to pure carbons [35]. Lian et al., [35]
reported a high adsorption capacity for cationic and anionic
organic compound dyes, better than many other reported
adsorbents using N-doped biochar (600°C–800°C) from crop
straws as raw material. Pyrolysis at 800°C had the highest
anionic and cationic adsorption that was attributed to
electrostatic attraction, π-π electron donor-accepter in-
teraction, Lewis acid-base interaction, and microporous
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structure formed in the biochar [35]. Active sites on biochar-
graphene and wood biochar (300°C, 500°C, 700°C) in the
adsorption of phthalic acid esters (PAEs) organic com-
pounds resulted in biochar-graphene exhibiting higher
adsorption capacity for contaminants remediation due to the
pore-diffusion mechanism, π-π electron donor-acceptor
interaction, and hydrophobicity [60].

Modification of biochar withmetal ions has shown sorption
capacity of organic pollutants by means of creating active sites.
Shan et al., [154] prepared magnetic biochar and activated
carbonwith Fe3O4 by ballmilling for removal of pharmaceutical

compounds by adsorption and mechanochemical degradation.
,e hybrid adsorbents exhibited high removal through
degrading and were easily separated magnetically and the se-
quential quartz sand milling improved the mechanochemical
degradation of pharmaceutical compounds on biochar [154].
,e formation of magnetic Fe3O4 on pine sawdust biochar
(650°C) via oxidative hydrolysis of FeCl2 to remove organic
compound sulfamethoxazole solution ended up in favorable
adsorption of the organic compound onto biochar through
exothermic adsorption and physisorption due to hydrophobic
interaction [53]. 20% optimized MgO-impregnated porous

Table 5: Organic contaminant potential and effect of biochar amendment.

Feedstock Pyrolysis temp
(°C)

Detected organic
pollutants Effect Reference

Hardwood 450°C–500°C 10 PAH

Enhanced seedling growth.
Greatest capacity to neutralize
allelochemicals present in corn

residues. [153]
Corn 500°C 5 PAH Enhanced seedling growth.732°C 15 PAH

Switch grass 850°C 17 PAH Suppressed seedling growth.845°C 19 PAH

Coconut, pine nut and walnut shells 500°C Carbamazepine and
tetracycline

Fe3O4 enhancement exhibited fast and
high sorption for carbamazepine and

tetracycline.
Ball milling is effective for degradation

of adsorbed carbamazepine and
tetracycline on the adsorbents.

[154]

Pig manure 350 and 700°C Carbaryl and atrazine

,e pesticides were adsorbed by the
biochars.

Hydrolyze faster on elevated pH with
biochar 700°C.

Carbaryl and atrazine decomposed by
71.8% and 27.9%.

[51]

Pine wood, corn stalks, peanut shells,
rice straw, and wheat straw

200, 350, 500, and
700°C,

p-Nitrophenol, p-
aminophenol

PNP degraded through the direct
contact with EPFRs.

Biochars degrade PNP in soil and
natural water.

EPFR-promoted degradation for 5
biochars and PNP.

[155]

Cottonwood 600°C Methylene blue and
phosphate

Excellent adsorption abilities for the
contaminants. [156]

Birchwood and Norway spruce wood 380°C–430°C Glyphosate, diuron

Duron adsorption enhanced by biochar
in soils.

Glyphosate adsorption decreased in
sandy soil.

Ageing of soil-biochar mixtures
decreased adsorption of both

herbicides.

[157]

Lignin and cellulose 500°C p-Nitrophenol

PNP decay was only modestly
suppressed (12–30%).

Lignin char more reactive than
cellulose char.

,e Fe impurity in lignin played no
role.

[158]

Pig manure, rice and wheat straw 350 and 700°C Carbaryl

Enhanced chemical hydrolysis of
carbaryl at high temp.

Promoted biodegradation at low temp.
high temp reduced biodegradation of

carbaryl.

[41]

EPFRs, environmentally persistent free radicals, PNP, p-Nitrophenol.
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biochar from sugarcane harvest residue prepared using ad-
sorption pyrolysis method (550°C) from swine wastewater
exhibited maximum adsorption capabilities for phosphate,
ammonium, and organic substances from nutrient-rich live-
stock wastewaters [58].

Postpyrolysis thermal air oxidation of biochar has
enhanced the sorption of organic compounds [160] and
water-extractable substances that are toxic to aquatic plants
and animals [161]. Investigation of the effects of thermal air
oxidation on corn cob biochar after pyrolysis (300°C–
700°C) showed that well-carbonized biochar was made at
600°C and 700°C with increased surface area, porosity, and
adsorption, 120 times that of neutral organic substances
[160]. ,e effects of thermal air oxidation of wood and
pecan shell biochar had adsorptive properties towards
organic compounds, with up to 100-fold of enhanced
adsorption by means of enlarged surface area and nano-
pores [161].

Modified biochar is also an effective degradation method
of organic pollutants through PFRs. Degradation can
completely remove organic toxins from the environment as
compared with sorption method. Persistent free radicals
(PFRs) in biochar has indicated tremendous ability to ac-
tivate persulfate/hydrogen peroxide/oxygen for the degra-
dation of organic contaminants. ,e outcomes provide a
method of manipulating the transformation of PFRs of
contaminants in the biochar for the development of acti-
vator persulfate-based towards remediation of contaminated
soils. Pine needles, wheat, and maize straw biochars effec-
tively activated H2O2 for PFRs degradation to produce
hydroxyl radical that degraded the organic compound [162].
Hydroxyl radical generation from biochar suspensions in the
presence of oxygen degraded the organic compound diethyl
phthalate (DEP) [163]. Metals (Fe3+, Cu2+, Ni2+, and Zn2+)
and phenolic compound loaded on biomass increased the
concentrations of PFRs in biochar and changed the type of
PFRs formed to persulfate, indicating that the manipulation
of the number of metals and phenolic compounds in bio-
mass is an effective method to control PFRs in biochar [164].
Additionally, PCBs contaminants efficiently degraded with
the catalytic ability of biochar to persulfate activation [164].

Fallen-leaves and wood chips hydrochar enhanced
sulfadimidine organic chemical degradation due to
abundant photoactive surface oxygenated functional
groups in daylight irradiation than in the dark compared to
fallen-leaves and wood chips pyrochar that generated re-
active oxygen in the dark due to PFRs present [165].
Photogeneration of reactive oxygen species from pine
needles and wheat straws biochar degraded and partially
mineralized diethyl phthalate organic pollutant under UV
and simulated solar lights [166]. Similarly, environmental
persistent free radicals (EPFR) in the presence of different
types of biochars promoted degradation of organic com-
pounds (p-nitrophenol and p-aminophenol) and not even
coating of biochar with natural organic matter inhibited
p-nitrophenol degradation, suggesting the organic com-
pound degradation capability of biochars in soil and
natural water [155]. With such promising effects to degrade
organic compounds with biochar, it is of importance to

take caution on pesticide remediation process and the
intended use of pesticide to bring a balance.

5.4.GHGsEmission. GHG effect is the heat-trapping process
by GHGs within the surface-troposphere system. N2O, CO2,
and CH4 are potent GHGs. Taking CO2 as a reference point
with a global warming potential (GWP) of 1, N2O, and CH4
are estimated to have a GWP of 28–36 and 265–298 times
that of CO2, respectively [167]. Emission of the main long-
standing atmospheric GHGs, N2O, CO2, and CH4, increases
global warming and consequently the necessity to mitigate
them from the environment [168]. On average, CH4 absorbs
more energy than CO2 and CH4 and N2O remain in the
atmosphere more than a decade while CO2 remains in the
atmosphere for thousands of years [167]. Agricultural ac-
tivities influence global warming as a result of the consid-
erable discharge of GHGs, notwithstanding it being the
major sink of CO2 during photosynthesis [169, 170]. Biochar
has a primary key function of carbon sequestration, and its
stability in the soil can affect its efficiency. ,e stability and
resistance to microbial degradation of carbon in biochar is
the basis as a sequestration technique, due to its steadiness in
severe weather conditions and resilience to the effects of
chemicals [171]. ,e priming effect of biochar, however,
reduces with the rise in pyrolysis temperature.

Biochar and its application to soil are mostly known for
the effect of increasing the soil carbon among other nutrients
through the pyrolysis process as carbon is sequestered more
than its release in the atmosphere. Despite this, some ap-
plication of biochar may increase the release of CO2, sug-
gesting signs of decay. In a study, CO2 in soil increased with
biochar application rate; however, it diminished within 6
days of the incubation [172]. ,e use of biochars derived
from different types of biomass has enabled the maximum
utilization of biochar in the pursuit of global climate change
mitigation. Varied biochar application amount and time
have enabled the investigation of GHGs, with results in-
dicating the effectiveness to sequester carbon [72, 99] with a
low degradation rate and long-term stability in soil [173].
CO2 is the principal GHG and the consistent rise in its
release is the main cause of global warming. ,ere are some
controversies regarding the role of biochar on CO2 release
[174]. Pyrolysis temperature during biochar preparation
determines the CO2 emission from soil. Application of
biochars to soils in stabilization of soil organic matter is
influenced by the soil type, and high-temperature biochar
produced is suitable for long-term soil-C sequestration while
low-temperature biochar is suitable in the increase of soil
fertility due to mineralization [175].

,e longer reaction time of over 12 months soil in-
cubation mineralized biochar and the mean residence times
for the biochars projected between 44 years and 610 years
[38]. ,e mean residence time may, however, vary under
different environmental and soil conditions, an indication
that the biochar stabilized by variable charge minerals at
high temperatures [38]. A 5-year laboratory experiment on
the stability of 11 biochars (400°C and 550°C) observed that
0.5% and 8.9% of the biochar C was mineralized over 5 years
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with C in manure-based biochars mineralizing faster than
that in plant-based at 400°C than at 550°C biochars [176].
,e estimated mean residence time of C in the 11 biochars
varied between 90 years and 1600 years; however, it is likely
to be higher under field conditions with lower moisture and
temperatures or nutrient availability constraints [176]. High
hydrothermal temperature, longer reaction residence time,
and biomass of higher-lignin content with larger particle size
produced biochar with higher stability [38, 176–179]. ,e
effect of peak temperature, particle size, and pressure on the
potential stability of slow pyrolysis (800°C) vine shoots
biochar activated with aluminum oxide observed that par-
ticle size under higher peak temperatures conditions was the
most influential as large particles lead to an increase in the
fixed-carbon yield, percentage of aromatic carbon, and pH,
hence a more stable biochar [179].

Designer biochars with enhanced capacity for carbon
sequestration and stability using beneficial minerals have
been used in copyrolyzing feedstock resulting in biochar
enriched with minerals, adding to soil fertility. Pyrolyzed
rice straw with kaolin, calcite, and calcium dihydrogen
phosphate minerals to biochar enhanced the stability of
biochar [178]. Yak dung and attapulgite clay mixed to
produce biochars at 50/50 ratio clay to dung in Tibet resulted
in low-cost high pasture yields and grass nutrition quality
[180]. Higher pyrolysis temperature with the addition of clay
proportions resulted in higher concentration of stable car-
bon, surface area and porosity, surface mineral concentra-
tion, and electrochemical capacitance, contrary to the lower
temperature that resulted in higher concentration of total C
and N, C/O and N functional groups, and magnetic moment
[180].

Carbon sequestration potential of chicken manure-de-
rived biochars impregnated with mineral salts (CaCl2,
MgCl2, and FeCl3) prior to pyrolysis affected biochar nu-
trient composition and dynamics and increased C seques-
tration potential [181]. ,e bioavailability of enriched Cu
and Zn in the biochars significantly reduced, and the biochar
treated with Fe mineral salt samples had the least C loss
during pyrolysis and chemical oxidation and the greatest
chemical and biological stability compared to pristine bio-
chars [181]. Soils having high minerals favor long-term
stability of biochar. ,e interaction between soil minerals
(FeCl3, AlCl3, CaCl2, and kaolinite) to investigate biochar
stability and the long-term stability for comprehensive as-
sessment of carbon sequestration efficiency demonstrated
that theminerals attached tightly to biochar (surface or inner
pores) and organometallic complexes (Fe-O-C) were gen-
erated with all the 4 minerals, enhancing the oxidation
resistance of biochar surface by decreasing the bond of C-O,
C�O, and COOH [182]. ,rough chemical oxidation with
kaolinite, the stability of biochar increased by reducing the
biodegradable C loss of total biochar, hence beneficial long-
term carbon sequestration in the environment [183].

,e incorporation of metals (Mg, Al, Fe, Ni, Ca, and Na)
enhanced the CO2 adsorption onto the metalized walnut
shell biochars and N2 heat treatment, with Mg-biochar and
Na-biochar being highest and lowest adsorbers due to
physisorption [59]. Additionally, Mg-biochar indicated a

great stability of cycles of adsorption-desorption with no loss
of capture capacity, easy regeneration, and fast desorption
kinetic, an indication of a superior capture performance
towards CO2 over N2, O2, and CH4 [59]. Sewage sludge use
with the addition of Ca(OH)2 to improve carbon stability in
biochar indicated an increase in dissolved organic carbon
content, carbon retention, and improved the surface area
and alkalinity of the biochar due to the formation of CaCO3
and an increase in carbon-containing functional groups
[44]. Cottonwood biochar treated with metal ions (alumi-
num hydroxide, magnesium hydroxide, and iron oxide),
pyrolyzed at 600°C, indicated that at room temperature and
atmospheric pressure, biochar optimization with metal ions
enhanced CO2 adsorption ability, with aluminum hydrox-
ide-biochar composite capturing more CO2 than other metal
composites [184]. ,is was attributed by surface adsorption
mechanisms causing surface bonding from carbon surface
and metal oxyhydroxide particles [184].

Methane has more global warming potential than CO2
with paddy fields being among the sources of its global
release [26, 169]. ,e method of biochar application to
agricultural soil as a mitigation measure for CH4 and N2O
emissions has been studied. N2O emissions had a sig-
nificant increase with rice plant and rice-straw-derived
biochar amendment under ambient CO2 concentration
and air temperature, while N2O emissions were sup-
pressed under simultaneous elevated CO2 concentration
and air temperature, with and without biochar amend-
ment, thus weakening the biochar [185]. Reduced mineral
N concentrations and increased dissolved organic carbon
concentrations could inhibit N2O emission at simulta-
neously elevated CO2 concentration and air temperature
[185].

Anaerobic incubation of paddy soil for 14 days with rice
straw biochar showed that abundance of denitrifying bac-
teria was reduced with biochar amendments, contributing to
the decreased N2O emissions while increased abundance of
iron-reducing bacteria, competed with methanogens to
produce CH4, thereby leading to lower increase in CH4
emission [186]. It was concluded in this study that biochar
amendments with high pH and surface area were effective in
mitigating the emission of N2O and CH4 from paddy soil
[186]. N2O, CO2, and CH4 were monitored twice a week for
1.5 months after adding biochar that resulted in high CH4
uptake, but no significant differences were found in CO2 and
N2O emissions [187]. Adding rice straw-derived biochar in a
paddy soil reduced CH4 emission under ambient and ele-
vated temperature and CO2, attributed to the decreased
microbial activity along with the increased CH4 oxidation
activity [188]. Soilborne emissions are predominantly the
major sources of N2O in the air [32] caused mainly by
nitrogen transformation microbes in the soil through ni-
trification and denitrification. Suppression of N2O becomes
an important climate change mitigation, varying with bio-
mass source and pyrolysis environment. ,e high GWP of
N2O makes it an important GHG; hence, progressive re-
duction of its emission from paddy fields is of importance.
,e alternating wet and dry conditions of rice paddies make
it a major source of N2O emissions [170].
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It has been observed that the use of biochar in the
mitigation of N2O emission escalates CO2 emission. An
incubation study with 4 contrasting soils and oil mallee,
wheat chaff, and poultry litter biochars resulted in Tenosol
soil having the highest mitigation of N2O in that biochar
limited the availability of NO3− with the resultant rise in
N2O including liming and increased microbial respiration
[48]. Biochar used in an experiment to mitigate CO2 and
N2O from agricultural soils suppressed N2O at moderate
levels without earthworms, and CO2 and N2O emissions in
the presence of earthworms increased, which was influenced
by biochar type and application rates [189]. It was concluded
that normal agricultural conditions suppress N2O under
high biochar application and heightens CO2 emissions [189].
Biochar amendment can affect bacteria composition of N2O-
reducing functional microbial traits in soil [39]. Biochar
enhancement in the growth of organisms involved in N
cycling and flux of N2O in the soil showed that biochar acts
as a transitory store of nitrogen in the soil, moderating N
cycling dynamics, thereby reducing N losses to leaching and
gas fluxes [190]. Additionally, biochar influenced bacterial N
cycling by either promoting the denitrification, N2O to N2,
or possibly producing NH4+, adsorbed to biochar and alter
soil N dynamics [190].

Emission of GHGs (CO2, CH4, and N2O) in soils
amended with biochar was through physical and biotic
mediated mechanisms and corrected with soils and biochar
properties. Table 6 indicates some effects of feedstock on
GHG reduction. ,e use of various biomass for biochar,
different soil types, enhancement with beneficial minerals
and salts, and increasing the soil incubation time has
brought various results suitable in the pursuit of global
climate change mitigating with some arising contradiction
attributed to the different soils and biochar properties used.
Continuous research on the effects of biochar type on soils,
microbial community on HM concentration, GHGs, and
organic contaminants should continue.

5.5. Health Risk. Soil pollution generates serious effects
endangering the natural environment, agricultural sus-
tainability in food safety, and the health of those who
consume the food. Biomass intended to be used for the
production of biochar may contain contaminants that pose a
risk to the environmental and health of humans, plants, and
animals. In a soil pollution survey in China cropland, HM
contaminants (Zn, Se, and Cd) were identified and reported
to be affecting subsistence-diet farmers in rice grain, raising
health concerns [194, 195]. Cd health risk through food
exposure from consumption of rice has been a concern
originating from contaminated acidic rice paddies irrigated
with wastewater from municipal sewage and mining tailing
as well as chemical fertilization in South China
[194, 196, 197]. Biochar brought about a profound impli-
cation among those using it as an agricultural field applicant.
,e effect of biochar amendment on rice in a Cd contam-
inated paddy field reduced Cd plant uptake in a 2 year
monitoring by 16.8%, 37.1%, and 45.0% in 2009 and by
42.7%, 39.9%, and 61.9% in 2010, while the total plant Cd

uptake was found to decrease by 28.1%, 45.7%, and 54.2% in
2009 and by 14.4%, 35.9%, and 45.9% in 2010, with biochar
amendment at 10t, 20t, and 40 t/ha, respectively [196].
Biochar amendment in combination with low Cd cultivars
may offer a basic option to reduce Cd levels in rice as well as
to reduce GHGs emissions in rice agriculture in contami-
nated paddies [196].

PTEs discharge to the soil environment through in-
creased anthropogenic activities is a global threat and plants
grown in PAH-contaminated soils or water can become
contaminated [153]. PAHs detected in the aqueous extracts
are believed to be partly responsible for the reduction in corn
seedling growth with repeated leaching of biochars elimi-
nating the negative effects on the seedling growth [153].
,ese PTEs can have harmful and chronic-persistent health
effects on exposed populations through food consumption
grown on contaminated soils. Efforts to investigate the
transformation mechanism and accumulation behavior of
PTEs in soil plant system and their adverse health effects
have been focused extensively. However, limited studies
address biochar nanosheets (BCNs) as a potential soil
amendment to reduced humans’ health risks through dietary
intake of food-crop grown on PTE-contaminated soil [55].
BCNs synthesized from pine wood sawdust used as soil
amendment to reduce potential risks of PTEs through
consumption of food grown in PTE-contaminated (Cd, Cr,
Ni, and Pb) soils showed some cutback on health hazards of
PTEs through reduced bioavailability and phyto-accumu-
lation and their daily intake via consumption of wheat
compared to both conventional organic amendments
(COAs) and control [55]. ,e risk assessment outcomes for
the hazard indices (HIs) were<1 for PTEs in all treatments
with the BCNs addition significantly (P≤ 0.05) reduced risk
level, when compared to control. BCNs addition signifi-
cantly suppressed cancer risk for Cd, Cr, and Ni over a
lifetime of exposure compared to control [55].

Consumption of rice contaminated with PTEs is a major
pathway for human exposure to PTEs as revealed in China’s
so called “Cancer Villages”; hence, sewage sludge biochar
was applied to suppress PTE (As, Cd, Co, Cu, Mn, Pb, and
Zn) phyto-availability in soil to reduce PTE levels in rice
grown in mining-impacted paddy soils [61]. Risk assessment
indicated that 10% biochar (P≤ 0.05) decreased the daily
intake, associated with the consumption of rice by 68, 42, 55,
29, 43, 38, and 22% PTEs, respectively [61]. Health quotient
(HQ) indices for PTEs (except for As, Cu, and Mn) were<1,
indicating a suppression of health risk pointing to the in-
cremental lifetime cancer (ILTR) value for iAs (AsIII +AsV)
associated with the consumption of rice significantly re-
ducing (P≤ 0.01) by 66% [61]. Biochar application can
enhance phthalic acid ester adsorption in soils, which is a
priority pollutant, endocrine-disrupting compounds, and its
accumulation in the human body causes potential mutagenic
health threats [198]. ,e immobilizing ability of enhanced
biochar is useful to consider when designing phthalic acid
ester immobilizer for the reduction of phthalic acid ester
bioavailability [51]. ,e presence of contaminants such as
HMs and organic compounds in biochar for soil application
presents undesirable agricultural and human health risks
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with its continuous use. Testing for the presence of toxic
content should be a priority component of biochar quality
assessment due to the particular concern of the hydrophobic,
recalcitrant, persistent, potentially carcinogenic, mutagenic,
and phytotoxic properties [153].

6. Environmental Implications

In order to evaluate the environmental implications of
biochar application, the heterogeneous properties need to be
understood. Application of biochar to soils creates an ir-
reversible condition of its removal; hence, cautious con-
sideration on the use of waste is needed on its production
and assessment of effects on the environment and agricul-
tural use. Identified of potential sources of hazards can be
prevented at the initial stage of the biochar production
process by isolating and prohibiting contaminated feed-
stock/biomass, including regulating the pyrolysis environ-
ment that may favor their production to avoid detrimental
resultant biochar. Physical and chemical properties of bio-
char such as composition and particle and pore size dis-
tribution are largely controlled by feedstock type and
pyrolysis conditions, hence the necessity to determine its
behavior to plants, outcome to the environment, suitability
to soil improvement application, and contaminant removal.
Other properties of biochar, such as CEC, pH, and

functional groups, also vary.,is enables the introduction of
a necessary control measure to assess and monitor the
production quality of biochar suitable for particular uses
such as land-use type, climate change, soil type property
improvement, and soil contaminants.

,ere are numerous biomass wastes such as plant and
animal residue, sewage sludge, and MSW with beneficial use
as optional feedstock sources. Minimization of agricultural
waste and reuse of manmade biomass for biochar has
brought positive contamination remediation and mitigation
effects to the environment. However, some feedstock may
contain toxicants (HMs, organic compounds) and biological
(pathogens) threats to human health and the environment
with the uncontrolled application. ,e concentration of
metal elements, including essential elements, may lead to
DNA and cell membrane damage [199], including oxidative
stress [200]. ,e potential to alter these threats through
controlled feedstock, pyrolysis conditions, modified biochar,
activation materials, metal oxide nanoparticles on N-doped,
and zero-valent iron nanoparticles offers substantial envi-
ronmental advantage through nonavailability of metal ions,
immobilization, and stabilization of harmful ions, cations,
and compounds. ,e eco-toxicity of HM in sludge has been
shown to decrease significantly after pyrolysis or liquefaction
processes resulting in a decrease in the environmental risk of
biochar utilization [24, 106]. Regulating the type of feedstock

Table 6: GHG abatement potential and effect of biochar amendment.

Feedstock Pyrolysis temp
(°C) GHGs Effect Reference

Wheat straw 350–550 CH4, CO2,
N2O

Maize yield was increased.
Increased crop productivity, soil properties.

N2O emission was decreased.
Biochar increased the total CO2 emission.
Increased CH4.Total GWP of CH4 and N2O

decreased.

[29, 191]

Maize straw 400–450 CO2
Insignificant CO2 emissions

Lowered CO2 emissions and higher dry matter. [42]

Rice straw 500 N2O
Increased N2O without char.

N2O reduction via denitrification with char.
Reduced mineral N with and without biochar.

[185]

Biosolids — CH4, N2O
Decreased N2O by 84% but increased CO2

emission.
Changed soil pH and increased soil aeration.

[192]

Oil mallee, wheat chaff and poultry
litter 550 N2O

Oil mallee biochar reduced more N2O.
Insignificant reduction of N2O in poultry litter

biochar.
Biochars reduced overall N2O emissions in

Tenosol.

[48]

Bamboo 600 N2O

Biochar lowered NO2− -N concentrations
Lowered total N2O from pig manure compost.
Less N2O producing and more N2O-consuming

bacteria present.

[193]

Rice straw and bamboo 600 CH4

Rice straw char more efficient in reducing CH4
emission than bamboo char.

Rice straw char decrease CH4 emission by
47.30%–86.43%.

Decreased methanogenic activity with rice straw
char. Rice yield increased.

[31]

GWP–global warming potential.
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used controls undesired detrimental properties from the
initial.

,ermal air oxidation on post-pyrolysis has been shown
to affect bioavailability of organic substances. ,ermal air
oxidation of biochar at high-heat thermal temperatures open
pores, introducing hydrogen bonds for ionizable com-
pounds to enhance the adsorption of organic substances
affecting bioavailability to plants, soil, and water [160, 161].
Hydrochar as compared to pyrochar had more organic
pollutant degradation due to higher photochemical reactive
oxygen generation ability, an indication of a viable envi-
ronmental remediation tool under solar light irradiation
[165]. Photo generation of reactive oxygen species in biochar
further reveals that biochar particles can partake in the
photo-transformation of contaminants in the natural en-
vironment for the degradation of organic contaminants in
wastewater [166]. Organic contaminant degradation by
EPFRs can be a process considered when assessing the
environmental roles of biochar and other carbonaceous
materials regulating the fate of contaminants removal [155].
Multilayer surface sorption, pore-filling, and thermody-
namic of low-temperature biochar are suitable for reme-
diating environmental organic molecules pollutants, hence a
basis for designing biochars multifunctional sorbents of
pollutants [159]. Manipulation of metal and organic con-
centrations in biomass significantly changed the concen-
trations factors of PFRs in biochar which was an alternative
activator of persulfate for the degradation of contaminants, a
strategy for the reuse of hyperaccumulator biomass in the
phytoremediation of HM from soil. Hydrogen peroxide and
persulfate oxidants can be replaced with pyrolyzed hyper-
accumulator biomass to make catalytic oxidant de-
composition for organic pollutant degradation and
contaminated soil remediation [164].

Carbon sequestration has been proposed from varied
feedstock, with some addition of minerals, applied to diverse
soil and plant environment, each with different results; hence,
the total environmental recalcitrance is a function of both the
properties of the biochar generated and soil environment to
which it is applied [201]. ,e reduction of CH4 production
with the use of biochar in paddy soil under the elevated
temperature and CO2 condition is relevant to the prediction
of global warming environment and points the essence of
biochar in assisting with slowing down the greenhouse effect
[188]. Biochar has been shown to promote changes in bac-
terial families; hence, advanced research to measure temporal
changes and metabolism of specific bacteria in the soil can be
considered beneficial, more importantly in mitigation of
GHGs fluctuation [190]. ,e MgO-impregnated livestock
wastewater biochar facilitates resource conservation, nutrient
cycling, and sustainable development of the environment
through removal of phosphate and ammonium, availing a
source of nutrient-rich fertilizer product for agricultural soil
application and reduces agricultural waste disposal as it
lessens CO2 emission [58].

,e effective use of biochar as a carbon sequestration
strategy requires quality assessment with regards to envi-
ronmental recalcitrance during the sourcing of feedstock
and biochar preparation and before and after application to

soil. ,ere are a number of characterization procedures
used involving cost and time of analysis associated
resulting in unreasonable to the wide-range application
[177]. To this understanding, there is not a well-known
current framework conducting quality assurance/quality
control checks in pre- and postapplication assessment of
biochar carbon sequestration. A framework for assessing
biochar carbon sequestration ought to describe the envi-
ronmental effect on degradation, which includes temper-
ature, moisture, mineralogy, and organic matter of soils
[201–205]. ,e development of R50-based model accounts
for variability in appropriate environmental situations and
predict intermittent biochar carbon loss and recalcitrance
likelihood over time. ,e model can be incorporated with
an economic model to assess the long-term tradeoffs of a
specific R50 biochar application to soil compared to other
alternatives [177]. ,e R50 index-based methodological
framework assesses the environmental recalcitrance in-
cluding carbon sequestration potential of biochars appli-
cable to the preapplication screening of modified carbons
into Class A (R50 ≥ 0.70), Class B (0.50 ≤R50< 0.70), or
Class C (R50 < 0.50) recalcitrance/carbon sequestration
classes [177]. By coupling R50 with biochar properties, it
can be screened to find the “optimum” biochar for practice
applications with additional targeted benefits for soil im-
provement [206].

Biochar for soil amendment can be produced depending
on the conditional needs of the soil to enhance soil prop-
erties and reduce the threats of contaminants from pollution
and overuse of soil nutrients and organic compounds on the
environment. ,e remediation effect of biochar to remove
the contaminants and make the soil contaminant free and
nutritious will ensure the normal growth of various crops.
Usage of biochar in the right way, appropriate biochar, and
dose in a particular soil are necessary. Screening of effective
biochars as engineered sorbents has been proposed with the
use of peanut shell and Chinese medicine material-derived
biochars to remove or immobilize Pb2+ in polluted water and
soil [132]. Pyrolysis of some biomass can be a source of
secondary pollution of HMs. A single chemical extraction
procedure does not reveal the total bioavailable HMs in the
biochars, and therefore, to assess the potential risk and long-
term stability of the biochars, the chemical speciation of
HMs in the biochars need to be examined and assessed.
Sequential extraction procedures have been successfully
used to determine the extractable total and bioavailable HMs
in manure [136–139]. ,is enhances the utilization of
suitable engineering production, and risk assessment ap-
proaches to ensure potential hazards are eluded. It is nec-
essary to keep abreast with up-to-date research and engage
the expertise on the current production technologies to
control possible hazards.

Biochar use as an alternative adsorbent to remediate
contaminants could be advantageous and cheap compared
to activated carbon since less energy is required with low-
cost and readily available pre- or postactivation materials.
Modified biochar with magnet (hematite) and NaOH are
cheap sources to enhance biochar properties and create
friendly environmental substitute adsorbent in the removal
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of As contaminant using external magnet, and HMs (Pb2+,
Cd2+, Cu2+, Zn2+, Ni2+) [40, 54]. Magnesium oxide nano-
particles on N-doped biochar is suitable for Pb adsorption
and the removal of Cd2+ and tetracycline in various envi-
ronment obstructions (pH, natural organic matter, and
metal ions), thus its suitability in the treatment of waste-
water, natural water resources, and drinking water [149].
Similarly, modified and efficient zero-valent iron nano-
particles methods are cost effective. Bt-coated rosin with
Fe2O3 can be efficiently used for Cr(VI) removal in water
resources in varied pH range or even during leakage
[145, 148]. ,e resultant Cr(III)/Fe(III) hydroxides pro-
duced in the biochar are insoluble and can easily be removed
to eliminate secondary pollution [148]. ,e release of scrap
tire chars in the environment is also a cost-effective sorbent
in the treatment of organic contaminated (DCB, DNB, and
DCP) wastewater if properly managed and would exhibit
distinct effects on the fate and transport of organic con-
taminants due to hydrophobicity, polarity, and H-bonding
acceptor/donor properties [57].

Toxic compounds that are related with thermal treat-
ment products and feared for soil amendments should be
controlled for biochar use. PAH can be produced during the
pyrolysis process and is controlled by substrate composition
and temperature, which play an important role in its for-
mation, and it is adsorbed onto biochar surfaces [153].
Consideration can be made on the flexibility of minimizing
the production of contaminated biochar and maximizing
production of syngas and bio-oil, co-products of pyrolysis.
,e health quotient (HQ) is often used for assessing po-
tential risks and adverse health effects resulting from the
ingestion of pollutants, with food chain being a major
pathway for human exposure [61]. High-capacity accumu-
lation of PTEs in rice and its high level of consumption are
the main source of exposure with dietary consumption
exposure being 3–11 times higher than that in vegetables,
with rice consumption contributing>75% of the PTE intake
for a population of a village near the abandoned mine [61].

An assessment of biochar production suitability for use
as a soil additive or production of energy, without envi-
ronmental and production risks, requires a comprehensive
analysis of biomass. ,e variety of biochar properties, with a
range of nutrients and acceptable contaminant levels, sug-
gests soil application suitability for growth of plants for
consumption and forestry. Certification schemes operated
by governing bodies need to administer a robust set of
standards to ensure the sustainable use of biomass resources
by identifying suitable biomass and analyze test procedures
for industry standard. Minimum risks of measured quantity
levels that do not pose a significant risk have been rec-
ommended. Standards given by IBI and EBC provide a
starting point guidance to consider possible risks that can be
tested, measured, monitored, and controlled. A continuous
and essential quality assessment and monitoring method-
ology can demonstrate effective control of hazards in bio-
char. Effective risk evaluation, management, and
sustainability guidelines, with scientific research being a
driving factor, will cause biochar to be an indispensable tool
for environmental management.

7. Conclusion

It is important to have in mind the characteristics of waste
being considered as biomass. ,e degree of biochar net
benefit must supersede the related risks. ,e toxicity of HMs
depends on the total and bioavailable concentrations.
Various sorption methods of biochar utilized, among them
low-cost adsorbents, engineered surface functional groups,
and nZVI modified biochars, have been examined on HMs
using a variety of biochars, which involved surface pre-
cipitation, functional groups, coprecipitation, and π-π in-
teraction. ,e chemisorption mechanism involved the
coordination with organic hydroxyl and carboxyl functional
groups, functional group complexation, minerals pre-
cipitation, electrostatic interactions, and the dispersion of
nanoparticles through the biochar network. ,e mecha-
nisms of organic compound removal through sorption and
enhanced sorption was through activation, magnetization,
and hydrothermal synthesis. ,ese involved hydrogen-
bond, π-π electron donor-acceptor interaction, pore-filling,
pep electron donor-acceptor interaction, hydrophobicity,
H-bonding, partition, polarity, high surface adsorption
fraction, electrostatic attraction, Lewis acid-base interaction,
and microporous structure and pore-diffusion mechanism.
Modified biochar with metal ions involved magnetic sepa-
ration through exothermic adsorption and physisorption
due to hydrophobic interaction. Postpyrolysis thermal air
oxidation had adsorptive properties through increased
surface area, porosity, and adsorption. Degradation through
Persistent free radicals (PFRs) activated persulfate/hydrogen
peroxide/oxygen due to abundant photoactive surface ox-
ygenated functional groups. Emissions of GHGs in soils
amended with biochar emanate through physical and biotic
mediated mechanisms, which are lessened with enhanced
soils and biochar properties. High-temperature biochar
produced is suitable for long-term soil-C sequestration.
High hydrothermal temperature, longer reaction residence
time, and biomass of higher-lignin content with larger
particle size produced biochar with higher stability. Designer
biochar with the addition of beneficial minerals enhanced
capacity for carbon sequestration and long-term stability
attributed by surface adsorption mechanisms. Biochar and
BCNs have a significance in reducing the health quotient
indices for PTEs risk contamination by suppressed cancer
risk arising from consumption of food contaminated with
PTEs, pointing to a reduction in the incremental lifetime
cancer (ILTC) value.

,e immobilizing ability of enhanced biochar has been
successfully used to reduce bioavailability of pollutants with
mutagenic health threats. ,e degree of environmental risk
assessment of HMpollution in biomass and biochars has been
determined by using potential ecological risk index and RAC
in assessing the degree of potential risk of HM pollution in
biomass and resultant biochar. Organic contaminant deg-
radation by EPFRs can be a process considered when
assessing the environmental roles of biochar and other car-
bonaceous materials regulating the fate of contaminants re-
moval. Identified potential sources of hazards can be
prevented at the initial stage of the biochar production
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process by isolating and prohibiting contaminated feedstock/
biomass, including regulating the pyrolysis environment that
may favor their production to avoid detrimental resultant
biochar.,e potential to alter these threats through controlled
feedstock, pyrolysis conditions, biochar, and modified bio-
char offers substantial environmental advantage through
nonavailability of PTE. Hazards posed by the use of biochar
necessitate it to be at amanageable level such that the resulting
risks are considered acceptable. Challenges and disparity of
laboratory pot experiments outcomes under optimum op-
erating conditions and the recommendations given by re-
searchers on biochar applications need to translate into pilot
scale and to commercial level under normal environmental
conditions. Effective implementation of risk control in bio-
char production, management, and sustainability mecha-
nisms, driven by up-to-date research and acceptable social
standards and policy will advance safe utilization of biochar as
a soil applicant, to control contaminants and in GHG
management.
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Bisphenol A (BPA) is a typical endocrine-disrupting chemical.,e removal of BPA has raised much concerns in recent years.,is
paper examined the adsorption behavior of BPA to biochars and the different effects of cationic, anionic, and nonionic surfactants.
,e results indicated that peanut shell biochars prepared at 300°C (BC300), 500°C (BC500), and 700°C (BC700) showed strong
adsorption affinity for BPA, and the adsorption affinity of biochars increased with the increase of pyrolysis temperature.,e range
of log Kd values was 2.83∼3.71, 2.91∼4.57, and 3.24∼5.50 for BC300, BC500, and BC700, respectively. Both the type of surfactants
and the properties of biochars could affect the adsorption behavior of BPA. Cetyltrimethyl ammonium bromide (CTAB) showed
negligible effect on the adsorption of BPA on BC300, and the inhibition effect of CTAB was stronger with the increase of biochar
pyrolysis temperature. Tween 20 and sodium dodecyl benzene sulfonate (SDBS) showed stronger inhibition effect than CTAB,
especially on BC300. ,is is likely because the inhibition effect caused by competition of CTAB may be counterbalanced by the
enhancement caused by the partitioning effect by adsorbed CTAB and the bridge effect between the –NH4

+ group of CTAB and
the phenol group on BPA/O-functional groups of biochars, whereas Tween 20 and SDBS do not have this bridge effect advantage.
,is study could provide insightful information for the application of biochars in removal of BPA.

1. Introduction

Bisphenol A (BPA) is one of the most common endocrine-
disrupting chemicals, which is widely applied to produce
plastics, resins, and other materials [1]. It could mimic or
block the biological activity of natural hormones in the
endocrine systems of wildlife and humans and may interfere
with the transport and metabolic processes of natural
hormones and threaten the health of wildlife and human
even at trace levels (ng/L) [2, 3]. In recent years, BPA has
been frequently detected in air, soil, sediments, water bodies,
and food, and the concentration could reach as high as
several milligram per liter [1, 4–6]. ,erefore, it is of great
importance to find an efficient method for BPA removal.

Biochar, which is a kind of carbon-rich, porous, and low-
cost product formed by pyrolysis of biomass [7–9], has been
reported to be an excellent adsorbent in wastewater treat-
ment, especially for hydrophobic organic pollutants [10].

Previous studies found that biochars showed strong ad-
sorption affinities to BPA [11–13]. For example, Wu et al.
[11] have reported that wood, walnut, and apricot shell
biochars all showed strong adsorption affinity to BPA. Choi
et al. [12] showed that the maximum adsorption capacity of
BPA to alfalfa biochar prepared at 650°C was as high as
38mg/g. Kim et al. [13] reported that the adsorptive capacity
of BPA to biochars is even stronger than that to powdered
activated carbon. ,e adsorption behavior of biochars could
be affected by aqueous chemistry conditions once they were
applied in wastewater treatment [14, 15]. Surfactants, which
are widely used in the daily life of humans, such as personal
care products, textiles, pesticide formulations, pharmaceu-
ticals, and household cleaning detergents [16], could be
released into the environment and coexist with the organic
contaminants. However, the influences of surfactants on the
adsorption behavior of the organic contaminants to biochars
were not fully investigated yet [17–19].
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It is noted that there are many different types of
surfactants, such as anionic surfactants, cationic surfac-
tants, and nonionic surfactants. ,erefore, they could
have different effects on the adsorption behavior of or-
ganic contaminants due to their different chargeability
and functional groups. For example, Zhang et al. [20]
reported that high concentration of cationic surfactant,
cetyltrimethyl ammonium bromide (CTAB), could en-
hance the adsorption of phenanthrene on black carbon,
whereas high concentration of anionic surfactant, sodium
dodecyl benzene sulfonate (SDBS), inhibited the ad-
sorption of phenanthrene. ,is is likely because the
phenanthrene molecular could be adsorbed on the
hemimicelles or cosmids formed by CTAB which was
adsorbed on black carbon and the adsorption was en-
hanced, whereas the presence of SDBS in the solution
could increase the solubility of phenanthrene and
inhibited the adsorption. On the contrary, Oleszczuk and
Xing [21] reported that SDBS could enhance the dis-
persibility of the multiwalled carbon nanotubes, which led
to the increase of oxytetracycline adsorption sites and
strong enhancement of adsorption affinity to multiwalled
carbon nanotubes, whereas the presence of TX100 and
CTAB decreased the adsorption of oxytetracycline by
multiwalled carbon nanotubes significantly. ,ese studies
indicated that the effects of surfactants on adsorption
behavior were not only in relation to the types of the
surfactants but also in relation to the properties of ad-
sorbents. Up to now, there are few studies focused on the
effects of different types of surfactants on the adsorption
of BPA on biochars. ,us, it is of great importance to
explore the effects of surfactants on the adsorption be-
havior of BPA to biochars and compare the differences
between the different types of surfactants.

In this paper, the adsorption behavior of BPA to
peanut shell biochars was examined, and the effects of
different types of surfactants were also evaluated. CTAB,
SDBS, and Tween 20 were selected as the model cationic,
anionic, and nonionic surfactants, respectively. Physico-
chemical properties of peanut shell biochars under dif-
ferent pyrolysis temperatures were characterized. ,e
adsorption affinities of BPA to the peanut shell biochars in
absence and presence of the surfactants were examined by
batch experiment. ,e controlling mechanisms were also
discussed.

2. Materials and Methods

2.1. Chemicals. BPA was purchased from Sigma-Aldrich
(Shanghai, China). ,e physicochemical properties are
shown in Table 1. ,e three types of surfactants, CTAB,
SDBS, and Tween 20, were all purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). ,eir critical
micelle concentrations and molecular structures are sum-
marized in Table 2. Methanol was purchased from Kangkede
Technology Co., Ltd. (Tianjin, China). Disodium hydrogen
phosphate (Na2HPO4) and sodium dihydrogen phosphate
(NaH2PO4) were obtained from Guangfu Technology De-
velopment Co. Ltd. (Tianjin, China).

2.2. Biochar Preparation. Peanut shells were collected from
Linyi (Shandong, China). Biochars were prepared as follows
[25]. First, peanut shells were rinsed with distilled water.
After air-drying, they were cut into small pieces and placed
in a ceramic pot. ,e samples were then heated in a muffle
furnace at 300, 500, and 700 ˚C for 2 h. Finally, the samples
were grinded, and the biochar powders which passed
through a 0.147mm sieve were referred as BC300, BC500,
and BC700, respectively.

2.3. Characterization of Biochars. Surface elemental com-
positions of the biochars were determined with X-ray
photoelectron spectroscopy (XPS) (PHI 5000, VersaProbe,
Japan). Fourier-transform infrared (FTIR) transmission
spectra were obtained using a 110 Bruker Tensor 27 ap-
paratus (Bruker Optics Inc., Germany), with a biochar to
KBr ratio of 1 :100. ,e morphological structures of the
biochars were observed by both the scanning electron mi-
croscopy (SEM, S-3400N II, Hitachi, Japan) and trans-
mission electron microscopy (TEM, JEM-2100, JEOL,
Japan). ,e surface areas of the biochars were calculated
using the multipoint Brunauer–Emmett–Teller method. ,e
micropore volume and diameter were determined using the
Horvath–Kawazoe method. ,e pH of point of zero charge
(pHPZC) of biochar was determined using the method re-
ported by Dastgheib et al. [26].

2.4. Adsorption Experiments. ,e adsorption isotherm
experiment of BPA on biochar was carried out by the
batch experiment [12]. First, 10 mg of biochars was added
to a glass vial, and then 20mL of buffer solution (10mM
Na2HPO4-NaH2PO4, pH � 6.0) was spiked to the vial.
When adsorption isotherm experiment in presence of
surfactants was conducted, the surfactant solutions were
added as the background solution and the surfactant
concentration was set as 40mg/L. Subsequently, certain
amounts of BPA stock solution were added to the vials to
make the initial concentration in the range of 0.44 to
28mg/L. ,e volume of stock solution added to vials was
kept below 0.1% to minimize the cosolvent effect. ,en,
the vials were tumbled at 3 rpm at room temperature for
14 days until the adsorption equilibrium was reached, and
the concentrations of BPA in the supernatants were
measured.

To test the effect of the concentration of surfactant, the
concentrations of surfactant were set as 0.05, 0.1, 0.3, 0.5, and
0.8 CMC of each surfactant.,e initial concentration of BPA
was 4.5mg/L. All the adsorption isotherm experiments were

Table 1: Selected physicochemical properties of BPA.

Adsorbate Molecular structurea Csat (mg/L) LogKOW pKa

Bisphenol Aa
CH3

CH3

OHHO 380 2.2 9.6

aFrom Pan et al. [22].
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run in duplicate, and the surfactant concentration effect
experiments were run in triplicate.

2.5. Analytical Methods. ,e concentration of BPA was
measured by a high-performance liquid chromatograph
equipped with a 4.6mm × 250mm Eclipse Plus C18 col-
umn. ,e mobile phase was 70 : 30 (v/v) of methanol and
deionized water with 1% acetic acid, and the flow rate was
1mL/min. It was detected with a fluorescence detector at
an excitation wavelength of 220 nm and an emission
wavelength of 350 nm. No peaks were detected in the
spectra for potential degraded/transformed products of the
test compounds. All data were analyzed using Graph Pad
Prism 6.

2.6. Statistical Analysis. One-way analysis of variance
(ANOVA) with Duncan or Dunnett’s T3 test was applied to
test the significant differences of BPA solubility in presence
and absence of surfactants and the effects of surfactant
concentrations on the adsorption of BPA on BC300. Dif-
ferences were considered significant at p< 0.05. All the
statistical analyses were carried out using SPSS software
(version 19.0, SPSS Inc., Chicago, USA).

3. Results and Discussion

3.1. Characterization of Biochars. ,e morphology prop-
erties of biochars can be described by SEM (Figure 1) and
TEM images (Figure 2). It can be easily seen that the pore
diameter of BC300 was 25.4 nm, which was significantly
larger than that of BC500 and BC700, whereas the pore
volume of BC300 was the smallest (Table 3). ,is was likely
because during the pyrolysis of the biomass (i.e., peanut
shell), it decomposed and a large number of fiber chain
structures were destroyed [27]. Some substances under
their volatilization temperature would deposit on the
surface of the biochar and form an irregular block stack
[27]. With the increase of pyrolysis temperature, the

residual biomass was gradually decomposed, and the re-
moval of volatile materials resulted in the increased pore
volume [27–29].

,e surface elemental compositions of biochars are
summarized in Table 3. It was shown that with the increase
of the pyrolysis temperature, the C content increased
while N and O content decreased. Furthermore, (O +N)/C
decreased from 0.29 to 0.23, which indicated the polarity
of biochar decreased with the increasing pyrolysis tem-
perature [28]. To further explore the changes in functional
groups on the surface of different biochar samples, FTIR
spectra are presented in Figure 3. ,e peaks around 3392,
1594, 1370, and 1030 cm− 1 wavenumbers indicated the
stretching vibration of O-H [30], double bond stretching
vibration of C�O [31, 32], bending vibration of O-H [33],
and stretching vibration of alkyl C-O [34] in the func-
tional groups of biochars, respectively. ,e intensities of
all these aforementioned peaks decreased with the in-
creasing pyrolysis temperature. ,e content of each
functional group was calculated based on XPS spectra. As
shown in Figure 4 and Table 3, the content of C-C/C�C
gradually increased with the increasing pyrolysis tem-
perature, while that of oxygen-containing functional
groups (e.g., C-O, C�O and COOH) decreased. ,is trend
was consistent with the results of FTIR characterization.
,is is likely because with the increase of the pyrolysis
temperature, the low degree of graphitized amorphous
carbon could be converted to high degree of graphitized
aromatic carbon via dehydration, decarboxylation, and
decarbonylation effects [10, 32, 33, 35]. ,e loss of polar
functional groups on the surface of biochar samples also
resulted in the increase of pHPZC value from 7.34 to 10.2
(Table 3) [36].

3.2. Adsorption of Bisphenol A by Biochar. ,e adsorption
isotherms of BPA to BC300, BC500, and BC700 are shown in
Figure 5.,e adsorption data were fitted with the Freundlich
sorption model: q � KF · Cn

W, where q (mg/kg) and

Table 2: Molecular weight (MW), critical micelle concentration (CMC), and molecular structure of the surfactants.

Surfactant MW (g/mol) CMC (mg/L) Molecular structure

Sodium dodecyl benzene sulfonate (SDBS)a 348.48 490
CH3

Na
O

O

O

S

Cetyltrimethyl ammonium bromide (CTAB)a 1228 340

CH3

CH3
CH3

CH3

Br–

N+

Tween 20, n�∼20b 1226 70
CH3

OH

OH

HO O O

O
X

YO

W

O O

O
Z

aFrom Han et al. [23]. bFrom Bak et al. [24].
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CW (mg/L) are the equilibrium concentrations of an ad-
sorbate on the BCs and in the solution, respectively; KF
(mg1− n Ln/kg) is the Freundlich affinity coefficient and n
(unitless) is the Freundlich linearity index [37]. ,e n value
could reflect the state of the energy distribution of the ad-
sorption site [38, 39], and the heterogeneity of the ad-
sorption sites increased with the decrease of n value [40].,e
fitted Freundlich model parameters and the ranges of log Kd
are summarized in Table 4, where Kd (Kd � q/Cw) is the
adsorption coefficient [41]. In general, the Freundlich model
fitted the adsorption data well.

As shown in Table 4, the values of n decreased from 0.48
to 0.22 with the increase of pyrolysis temperature. ,is is
because the condensed aromatic domain of biochars and
the heterogeneity of the adsorption sites increased with the
increase of pyrolysis temperature [42]. ,e logKd value of
BC300 was in a range of 2.83∼3.71, which was much lower
than that of BC500 (2.91∼4.57) and BC700 (3.24∼5.50).

(a) (b) (c)

Figure 1: Scanning electron microscopy (SEM) images of BC300, BC500, and BC700.

BC300 (a)

(b)

2μm

1μm

200nm

BC500 (a)

(b)

2μm

1μm

200nm 200nm2μm

BC700 (a)

(b)

1μm

Figure 2: Transmission electron microscopy (TEM) images of BC300, BC500, and BC700 at different dimensions.

Table 3: Selected physicochemical properties of BC300, BC500, and BC700.

C (wt%)a
Total C
(wt.%)a

Total O
(wt.%)a

Total N
(wt.%)a

(O+N)/
C ratioa

Specific surface
areab (m2·g− 1)

Pore volumec

(cm3·g− 1)

Pore
diameterc

(nm)
pHpzc

dC-C/
C�C C-O C�O COOH

BC300 54.38 29.41 11.55 4.660 70.82 18.14 2.550 0.292 0.890 0.0058 25.4 7.34
BC500 68.68 16.23 10.80 4.300 73.33 16.56 2.250 0.256 58 0.053 3.66 9.93
BC700 74.00 11.66 10.32 4.030 75.02 14.81 2.150 0.226 376 0.23 2.32 10.2
aAnalyzed using X-ray photoelectron spectroscopy. bSpecific surface area measured using the Brunauer–Emmett–Teller (BET) method. cVolume of mi-
cropores (smaller than 20 Å in diameter) was determined using the Horvath–Kawazoe method. dDetermined by a modified pH-drift method.
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Figure 3: Fourier-transform infrared (FTIR) transmission spectra
of BC300, BC500, and BC700.
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,is result was comparable with the previous studies [11–13].
,is also indicated that the adsorption affinity of biochars to
BPAwas following the order as BC700>BC500>BC300. One

of the important reasons is that the increased pyrolysis
temperature resulted in the enlarged pore volume and in-
creased surface areas of biochar and provided more ad-
sorption sites for BPA. On the other hand, the hydrophobicity
of the biochar increased with the increase of pyrolysis tem-
perature. Previous studies have reported that hydrophobic
interaction is the main adsorption mechanism for the hy-
drophobic organic contaminants to biochars [27]. ,erefore,
the hydrophobic interaction between biochar and BPA was
also enhanced. ,irdly, the amount of aromatic benzene ring
of the biochar increased with the increase of pyrolysis tem-
perature and made the biochars become a stronger π-electron
acceptor. BPA could act as a strong a π-electron donor. ,us,
the π-π electron donor/acceptor (EDA) interaction between
biochar and BPA was enhanced. Chen et al. [27] also reported
that π-π EDA interaction was one of the important factors
that could affect the adsorption of BPA, which was consistent
with our conclusion. It is noted that with the increase con-
centration of BPA, the adsorption affinity on the biochar
under low pyrolysis temperature was closer to that on the
biochar under high pyrolysis temperature. ,is is likely be-
cause biochars derived under low pyrolysis temperature
contained more O-functional groups, and the H-bonding
effect between the –OH group of BPA and the O-functional
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Figure 4: X-ray photoelectron spectroscopy (XPS) spectra and the C1s spectra of BC300, BC500, and BC700.
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Figure 5: Adsorption isotherms of BPA to BC300, BC500, and
BC700.
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groups on biochars was stronger [43]. With the increased
concentration of BPA, the H-bonding effect was more ob-
vious. ,us, although the hydrophobicity effect and π-π EDA

interaction were weak on biochars derived under low py-
rolysis temperature, the relatively stronger H-bonding, es-
pecially at higher BPA concentration, could offset part of the

Table 4: Summary of adsorption parameters (Freundlich model coefficients (KF and n) and distribution coefficients (Kd)) obtained from
adsorption results.

Adsorbent Background KF (mmol1− nLn/kg)a na R2 LogKd (L/kg)

BC300

None 3100± 170 0.45± 0.02 0.984 2.83–3.71
CTAB 2200± 110 0.57± 0.02 0.993 2.75–3.68
SDBS 1200± 88 0.35± 0.03 0.938 2.30–3.33

Tween 20 1000± 70 0.43± 0.03 0.967 2.31–3.21

BC500

None 4700± 140 0.34± 0.01 0.992 2.91–4.57
CTAB 3400± 230 0.54± 0.03 0.985 2.93–3.57
SDBS 1800± 90 0.42± 0.02 0.980 2.57–3.49

Tween 20 1700± 90 0.31± 0.02 0.960 2.42–3.55

BC700

None 16000± 520 0.22± 0.01 0.980 3.24–5.50
CTAB 3200± 290 0.44± 0.04 0.965 3.77–4.49
SDBS 4400± 280 0.33± 0.03 0.960 2.72–4.28

Tween 20 5700± 240 0.31± 0.02 0.981 2.83–4.58
aValues after± sign indicate relative standard deviation.
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Figure 6: Adsorption isotherms of BPA to BC300, BC500, and BC700 in absence and presence of the surfactants.
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hydrophobicity effect and π-π EDA interaction effect. ,us,
H-bonding is another important mechanism that controls the
adsorption behavior.

3.3. Adsorption of Bisphenol A by Biochar in presence of the
Surfactants. ,e adsorption isotherms of BPA in presence
of the surfactants are shown in Figure 6, and the fitted
Freundlich model parameters are summarized in Table 4.
,e three different types of surfactants all showed inhibition
effect on the adsorption of BPA. However, the extents of the
inhibition varied, which may be in relation to the types of
surfactants and the properties of biochars.

Previous studies have reported that the surfactants could
be adsorbed on biochars via the hydrophobic effect, elec-
trostatic attraction, cation exchange, π-π interaction, pore-
filling effect, etc. [23, 44]. ,us, they could occupy the ad-
sorption sites of the organic contaminants or block the pores
that the organic contaminants may enter in [37]. On the
other hand, the adsorbed surfactants on biochars could form
hemimicelles or admicelles, which could also offer ab-
sorption (partitioning) sites for the organic contaminants
[45]. Next, the surfactants could increase the solubility of
organic contaminants [20]. ,us, the effects of the surfac-
tants on the adsorption of organic contaminants depend on
the contribution of each mechanism. To further explore the
mechanisms that surfactants affect the adsorption behavior
of BPA on biochars, the adsorption coefficient (logKd) of
BPA in absence and presence of the surfactants at different
equilibrium concentrations of BPA was calculated based on
the Freundlich model (Table 5).

As shown in Figure 6, the adsorption isotherms of BPA
on BC300 in presence of CTAB almost overlapped with that
in absence of the surfactant. ,e log Kd varied less than 1.4%
when the equilibrium concentration of BPA was 10mg/L
compared with that in absence of the surfactant on BC300,
whereas it decreased 14.5% on BC700 (Table 5). Zhang et al.
[20] reported that the solubilization effect could be an
important reason that resulted in the inhibition effect in
presence of surfactants. However, in our study, the exper-
imental concentration of CTAB was 40mg/L, which was
much lower than the critical micelle concentration (CMC) of
CTAB (340mg/L).,us, it has little effect on the solubility of
BPA (Figure 7). ,erefore, the solubility enhancement effect
could be negligible. As shown in Table 2, the cationic CTAB
molecules have a long hydrophobic chain and a positively
charged “head” (–NH4

+); thus, it could be adsorbed on the
hydrophobic surface of biochars via the hydrophobic effect
and the negatively charged O-functional groups via elec-
trostatic attraction. As discussed earlier, these adsorption
sites on the surface of biochars were also available for BPA.
,us, the adsorption sites for BPA would decrease in
presence of CTAB, and the micropores of biochars that BPA
could go in may be blocked. On the other hand, the par-
titioning of BPA to hemimicelles that adsorbed CTAB
formed on BC300 could enhance the adsorption of BPA.
Another important mechanism is that the –NH4

+ group of
CTAB could interact with the phenol group of BPA via Lewis
acid-base interaction [37]. ,us, CTAB could serve as a

cation bridge between the BPA and biochars and enhance
the adsorption. ,erefore, the adsorption isotherms of BPA
in presence of CTAB almost overlapped with that in absence
of surfactants probably due to the counterbalance between
the inhibition effect caused by competition and the en-
hancement effect caused by the partitioning and the bridging
effect by adsorbed CTAB.

It is noted that the inhibition effect of CTAB decreased
with the increase of BPA concentration. For example, the
adsorption coefficient (logKd) of BPA decreased 6.8% on
BC300 at CW � 0.1mg/L compared with that in absence of
CTAB, whereas it decreased 1.3% at CW � 10mg/L. At low
concentration of BPA, the BPA molecules were prone to be
adsorbed on the high adsorption energy sites, such as mi-
cropores. With the increase of the concentration of BPA,
they started to be adsorbed on other adsorption sites with
relatively low adsorption energy, such as the hemimicelles
formed on biochars and NH+

4 group of CTAB. ,us, the
inhibition effect was weakened.

Tween 20 and SDBS showed similar inhibition effect on
the BPA adsorption, which were different from CTAB, es-
pecially on BC300 (Figure 6). ,e logKd values of BPA in
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Figure 7: Solubility of BPA in absence and presence of the sur-
factants. ,e bars indicate the standard error of triplicates, and
different letters indicate significant difference (p< 0.05).

Table 5: ,e adsorption coefficients (log (Kd)) calculated based on
Freundlich model in absence and presence of the surfactants at
different equilibrium concentrations of BPA.

Adsorbent Background
Log Kd (L/kg)

CW � 0.1mg/L CW � 10mg/L

BC300

None 4.05 2.94
CTAB 3.77 2.90
SDBS 3.75 2.44

Tween 20 3.59 2.44

BC500

None 4.33 3.02
CTAB 3.99 3.07
SDBS 3.82 2.68

Tween 20 3.91 2.55

BC700

None 4.99 3.44
CTAB 4.07 2.94
SDBS 4.31 2.97

Tween 20 4.44 3.07
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presence of SDBS and Tween 20 were 2.44, which was much
lower than that in presence of CTAB (2.90). One of the
important reasons is that Tween 20 and SDBS do not have
the advantage of the bridging effect which is caused by the
–NH4

+ group of CTAB. Secondly, as shown in Figure 7, the
solubility of BPA was increased by 15% in presence of Tween
20; thus, the BPA molecule was prone to dissolve in the
surfactant solutions rather than being adsorbed on biochars
[37]. On the other hand, Tween 20 could be adsorbed on the
biochars via hydrophobic interaction due to its long hy-
drophobic chains structure, and the adsorption kinetics of
Tween 20 was reported to be faster than that of BPA [46, 47].
,erefore, the molecules of Tween 20 could preferentially
occupy the adsorption sites. Tween 20 could twine around
the surface of biochars or block the entrances of micropores
[46], and the available adsorption sites decreased. ,us, it
inhibited the adsorption of BPA. Although SDBS was
negatively charged and showed less adsorption on biochar
surface [37], the hemimicelles or admicelles formed on
biochar surface also decreased. According to the adsorption
results, we speculated that the enhancement caused by the
partitioning effect by adsorbed SDBS could not counter-
balance the inhibition effect caused by competition effect.
,us, the inhibition effect was also strong in presence of
SDBS.

With the increase of pyrolysis temperature, the extent of
inhibition effect, which is indicated by the decreased percent
of adsorption coefficient (logKd) (Table 5), was stronger in
presence of CTAB, especially at low concentration of BPA.
In presence of SDBS and Tween 20, the decreased percent of
adsorption coefficient decreased less than that in presence of
CTAB at low concentration of BPA, and it showed even a
little increase at high concentration of BPA. ,is is likely
because the pore diameter of biochars decreased with the
increase of pyrolysis temperature. ,e adsorbed surfactant
molecules could block more micropores on biochars

produced at high pyrolysis temperature, and the inhibition
effect of CTAB was stronger with the increase of pyrolysis
temperature at low concentration of BPA. However, this
may be not the main mechanism because of the different
effects on CTAB and SDBS/Tween 20. With the increase of
pyrolysis temperature, the O-functional groups of biochars
decreased, and the zeta potential also decreased. ,us, the
electronic attraction between CTAB and biochar decreased,
and the adsorption of CTAB on biochars weakened. ,e
enhancement caused by the partitioning effect by adsorbed
CTAB and the bridging effect could not counterbalance the
competition effect; thus, the inhibition effect became
stronger.

To further identify the mechanisms controlling the ef-
fects of the surfactants, we examined the values of logKd of
BPA on BC300 under different surfactant concentrations
(Figure 8). For SDBS and Tween 20, it showed similar trend
that with the increase of the surfactant concentration, the
inhibition effect was enhanced significantly (p< 0.05). ,is
may be because with the increase of the surfactant con-
centration, the solubility enhancement effect also increased
which may decrease the adsorption of BPA on biochars.
Zhang et al. [20] also reported that the increase of SDBS
concentration could result in decrease of phenanthrene
adsorption on black carbon because of the solubility en-
hancement. However, CTAB showed a slight increase of
BPA adsorption on biochars at lower concentration (0.05
CMC) (p> 0.05) and then decreased significantly (p< 0.05).
,is is likely because the partitioning effect and the bridging
effect caused by adsorbed CTAB might be the main
mechanisms at low concentration of CTAB.

4. Conclusion

,e pyrolysis temperature could affect the physical and
chemical properties of peanut shell biochar, and the ad-
sorption affinity of BPA would be stronger on the biochars
produced at higher temperature due to the larger surface
area and pore volume, higher hydrophobicity, and aroma-
ticity. ,e main mechanisms of adsorption of BPA on
peanut shell biochars were hydrophobic effect, π-π EDA
interaction, and H-bonding. ,e presence of surfactants
could affect the adsorption behavior of BPA to biochars. ,e
cationic, anionic, and nonionic surfactants all showed in-
hibition effect on the adsorption of BPA. ,e adsorption
affinities of BPA in presence of CTAB were similar with
those in absence of surfactants to BC300 probably due to the
counterbalance between the inhibition effect caused by
competition and enhancement caused by the partitioning
and bridging effect by adsorbed CTAB, and the inhibition
effect of CTAB was stronger with the increase of pyrolysis
temperature. However, Tween 20 and SDBS do not have the
advantage of the bridging effect which is caused by the
–NH4

+ group of CTAB. ,us, Tween 20 and SDBS showed
stronger inhibition effect than CTAB, especially on BC300.
,is study revealed the mechanisms controlling the ad-
sorption behavior of BPA to biochars. It is of great im-
portance for the application of the biochar in wastewater
treatment. However, further studies (in particular, the
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desorption behavior in presence of surfactants) are needed
to fully understand the mechanism of the adsorption process
of BPA to biochars.
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*is study explored the stratigraphic distribution and soil/shallow aquifer characteristics surrounding a chromium ore
processing residue (COPR) dumpsite at a former chemical factory in China. Total Cr levels in top soils (5–10 cm) nearby the
COPR dumpsite were in the range of 8571.4–10711.4mg/kg. Shallow aquifers (1–6m) nearby the COPR dumpsite showed a
maximum total Cr level of 9756.7mg/kg. *e concentrations of Cr(VI) in groundwater nearby the COPR dumpsite were
766.9–1347.5mg/L. *ese results display that the top soils, shallow aquifers, and groundwater of the study site are severely
polluted by Cr(VI).*en, three aquifers (silt, clay, and silty clay), respectively, collected from the depth of 1.4–2.4m, 2.4–4.8m,
and 4.8–11.00m were first used to evaluate the adsorption characteristics and transport behavior of Cr(VI) in shallow aquifers
by both batch and column experiments. *e adsorption of Cr(VI) on tested aquifers was well described by pseudo-second-
order equation and Freundlich model. *e adsorption capacities of Cr(VI) on three aquifers followed the order: clay> silty
clay > silt. *e kinetics proved that Cr(VI) is not easily adsorbed by the aquifer mediums but transports with groundwater.
*ermodynamics indicated that Cr(VI) adsorption on tested aquifers was feasible, spontaneous, and endothermic. Cr(VI)
adsorption on tested aquifers decreased with increasing pH. Furthermore, the transport of Cr(VI) in adsorption columns
followed the sequence of clay < silty clay < silt. Desorption column experiments infer that the Cr(VI) adsorbed on aquifers will
desorb and release into groundwater in the case of rainwater leaching. *erefore, a proper treatment of the COPR and a
comprehensive management of soils are vital to prevent groundwater pollution.

1. Introduction

Chromium (Cr) is widely used in various chemical industries,
such as electroplating, steelmaking, metallurgy, leather tan-
ning, pigment manufacturing, wood preservative, and textile
dyeing [1]. Hexavalent chromium (Cr(VI)) and trivalent
chromium (Cr(III)) are the most stable species of Cr in the
environment [2]. Cr(III) is relatively stable and has low
solubility and mobility in soils and aquifers [3]. On the
contrary, Cr(VI) is a strong oxidant and highly mobile,
thereby causing Cr(VI) more environmentally available than
Cr(III) [4]. Cr(VI) exposure could cause skin irritation, re-
spiratory cancer, and kidney damage [5]. *e contamination

of soils and groundwater with Cr(VI) has posed a chronic
public health and environmental threat due to its high sol-
ubility, mobility, toxicity, and mutagenic and carcinogenic
properties [6]. *e drinking water standard for total Cr of US
EPA is 100 μg/L [7].*e permitted concentration of Cr(VI) in
drinking water based on the World Health Organization
(WHO) guideline is 0.05mg/L [8].

Chromium ore processing residue (COPR), because of
its high content of dissolvable Cr(VI), is one of the most
hazardous solid wastes [9]. *e continuous Cr(VI) leaching
from COPR could cause severe pollution to its surrounding
environment, including groundwater [6, 10]. It was reported
that only 100 million tons of COPR were treated in China
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from 2005 to 2010, yet 300 million tons of COPR still harm
the environment [11]. Former Tianjin Tongsheng Chemical
Factory started to produce chromate in 1958, which was one
of the pioneer chemical factories in China. Even though the
factory was shut down in 1998, more than 400 kilotons of
COPR were piled up in the open air (just covered by black
cloth) in the southwest corner of the factory till 2012.
According to our site investigation during 2014 and 2015,
there was still significant COPR stored in the factory which
has not been properly disposed. Given the large quantity of
COPR being placed in the open air for several decades, the
continuous Cr(VI) leaching by rain endangers the public
health of local residents. It is therefore vital to investigate the
distribution, adsorption, and transport of Cr(VI) in sur-
rounding soils and aquifers nearby the COPR dumpsite.
However, to the best of our knowledge, no study has been
reported in that regards.

Heavy metals in soils may undergo several processes:
adsorption/desorption, precipitation/dissolution, oxidation/
reduction, plant uptake, microbial conversion, and transport
through the soil profile [12]. Although these processes can
occur simultaneously, adsorption was the most dominating
process controlling existence of metals in soils [12]. Many
studies reported about metal adsorption in soil, but fewer
studies combine adsorption batch experiments with ad-
sorption/desorption column experiments to investigate the
adsorption characteristics and transport behavior of heavy
metal in soil and its risk to groundwater. Although many
studies were about the Cr(VI) adsorption in soils, previous
research studies focused on the adsorption of Cr(VI) in top
soils (e.g., 0–6 cm depth [13] and 0–20 cm depth [14–17]),
only limited studies reported the adsorption of Cr(VI) in
aquifers [18, 19]. However, the adsorption and desorption of
Cr(VI) by aquifer mediums are different from the top soils,
which are affected by their different geochemical charac-
teristics. In addition, compared with batch experiments of
adsorption, only limited studies applied column experi-
ments [14, 16, 17] and 3D sandbox [11] to investigate the
transport behavior of Cr(VI) in soils. Desorption experi-
ments were also not carried out in aforementioned column
experiments [14, 16, 17]. And rarely works have used real
shallow aquifers to fill up columns or sandboxes to in-
vestigate the transport behavior of Cr(VI) in aquifers.

In this work, we measured the concentrations of Cr(VI)
in top soils (5–10 cm), shallow aquifers and groundwater
nearby the COPR dumpsite and explored the stratigraphic
distribution and soil characteristics of the study site. *en,
three kinds of aquifers were first used to evaluate the ad-
sorption characteristics and transport behavior of Cr(VI) in
shallow aquifers by both batch and column experiments.*e
objectives of the present work were to (1) evaluate the
concentrations of Cr(VI) in top soils, shallow aquifers, and
groundwater nearby the COPR dumpsite, (2) investigate the
adsorption characteristics of Cr(VI) in different aquifers and
gain insight into the adsorption mechanism of Cr(VI) in
these aquifers, and (3) reveal the adsorption-desorption
behaviors of Cr(VI) in aquifers by dynamic column studies.
*e results of our study can be used to predict the fate and
transport behavior of Cr(VI) in polluted soils and aquifers,

which will also be helpful to value the risk of contaminant
migration and to establish effective remediation plans for
contaminated soils.

2. Materials and Methods

2.1. Study Site and Sampling. Geological and hydro-
geochemical investigations were carried out near the COPR
dumpsite (see Supplementary Material Figure S1) of the
former Tianjin Tongsheng Chemical Factory, Tianjin, China.
*e COPR dumpsite lies at latitude 39°14′21.4″N and lon-
gitude 117°06′28.3″E. *e topography is alluvial and coastal
plain. Eleven sampling sites at different distances from the
COPR dumpsite were set to carry out drilling sampling.
Schematic of sampling sites is shown in Figure 1. Geo-
graphical locations of the drilling sampling sites (Table S1),
photographs of core drilling and groundwater sampling
(Figure S2), and other detailed information of sampling are
all described in the Supplementary Material.

2.2. Stratigraphic Distribution and Soil Characteristics.
Based on the Standard for Engineering Classification of Soil
(GB/T 50145-2007) [20] and Technical Specification for
Division of Subsoil Sequence in Tianjin (DB/T29-191-2009)
[21], soils and aquifers within 20m depth of the study site are
divided into 5 layers according to the formation time. From
top to bottom, the 5 layers are composed of the artificial fill
layer (Qml): the new alluvium (Q3N

4 al), the Holocene upper-
group lagoon-facies sedimentary layer (Q3

4 l + h), the Ho-
locene middle-group marine-facies sedimentary layer
(Q2

4m), and the Holocene lower-group continental-facies
alluvium (Q1

4al). *e vertical distribution of local geological
formations is shown in Table S2.*e detailed information of
soil and aquifers characteristics is described in the Sup-
plementary Material.

*e aquifers used in this study included silt, clay, and
silty clay, which were respectively collected from the depth of
1.4–2.4m, 2.4–4.8m, and 4.8–11.00m. At this point, it
should be noted that the depth of the groundwater fluctuates
between 0.7m and 1.4m in our study site. Hence, it is more
appropriate to address the silt, clay, and silty clay used in this
study as “aquifers” rather than “soils.” *erefore, the term
“aquifers” will be used in this text to denote silt, clay, and
silty clay.

2.3. Experiments. *e experiments include batch study and
column study. A schematic diagram of the column setup is
depicted in Figure S3. *e packing status of columns and
operating conditions for the adsorption/desorption column
experiments are mentioned in Table S3. Also, detailed in-
formation of experiments is described in the Supplementary
Material.

3. Results and Discussion

3.1. High Concentration of Cr(VI) in Top Soils, Shallow
Aquifers, and Groundwater. Drillcore samples were ana-
lyzed to determine the stratigraphic distribution and soil
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characteristics of the study site. *e aquifers (silt, clay, and
silty clay) used in this study were collected from the depth of
1.4–2.4m, 2.4–4.8m, and 4.8–11.0m, respectively. Also, the
detailed stratigraphic distribution has been discussed in
Materials and Methods section. *e physicochemical
properties of different aquifers are shown in Table S4. *e
concentrations of total Cr in top soils (5–10 cm) and shallow
aquifers (1–6m) of 11 drilling sampling sites are, re-
spectively, shown in Figures S4 and S5. *e concentrations
of total Cr in top soils (5–10 cm) nearby the COPR dumpsite
(sampling sites S1–S3) were in the range of 8571.4–
10711.4mg/kg. Shallow aquifers (1–6m) nearby the COPR
dumpsite also present high levels of total Cr. Most samples of
shallow aquifers (1–6m) at sampling sites of S1–S6 show
high concentrations of total Cr, which were much higher
than the Environmental Quality Standard for Soils (250mg/
kg) (GB 15618-2018) [22]. *e maximum total Cr level
(9756.7mg/kg) appears at the depth of 1m at sampling site
S2, which was 160 times higher than the background value of
Chinese soils (61mg/kg) [23]. *e concentrations of total Cr
decrease with increasing depth at most of the sampling sites.
Moreover, the concentrations of total Cr at sampling sites of
S1–S5 were much higher than those at S6–S11, showing that
the shallow aquifers nearer the COPR dumpsite are more
severely polluted. *e concentrations of Cr(VI) and total Cr
of groundwater in 11 monitoring wells are shown in
Table S5. *e Cr(VI) concentrations of groundwater
(monitoring wells S1–S3) nearby the COPR dumpsite range
from 766.9 to 1347.5mg/L, which significantly exceeded the
V grade value (0.1mg/L) of Quality Standard for Ground-
water (GB/T 14848-2017) [24] and drinking water standard
(0.05mg/L) of WHO guideline [8]. *e pH values of
groundwater range from 7.5 to 8.2, which were alkalescent.
*ese results suggest that the top soils (5–10 cm), shallow
aquifers (1–6m), and groundwater nearby the COPR
dumpsite are severely contaminated and should get great
concern.

3.2. Adsorption Characteristics

3.2.1. Adsorption Kinetics. *e adsorption kinetics experi-
ments were studied at pH 7-8, 288K, and an initial Cr(VI)
concentration of 1.0mg/L.*e adsorption kinetics of Cr(VI)
in three kinds of aquifers are shown in Figure 2(a). *e
Cr(VI) adsorption was fast in the first 120min and then
increased slightly until reaching the equilibrium at 240min.
*e adsorption capacities of Cr(VI) at the equilibrium time
were 1.22, 0.94, and 0.81mg/kg for clay, silty clay, and silt,
respectively. *e maximum adsorption rates of Cr(VI) in
clay, silty clay, and silt were only 11.9%, 9.3%, and 7.9%,
respectively. It demonstrates that Cr(VI) is not easily
adsorbed by the aquifer mediums but transports with
groundwater, causing long-distance pollution.

To better understand the adsorption kinetics, the
pseudo-first-order (PFO) (equation (1)) and pseudo-second-
order (PSO) (equation (2)) kinetic models [25] and Elovich
equation (equation (3)) [26] were applied to investigate the
adsorption kinetics process. Meanwhile, the intraparticle
diffusion model (IPD) (equation (4)) [25] was further tested
to analyze the diffusion mechanism of the adsorption.

log Qe − Qt( 􏼁 � log Qe( 􏼁 −
k1

2.303
t, (1)

t

Qt

�
1

k2Q
2
e

+
1

Qe

t, (2)

Qt � β ln(αβ) + β ln t, (3)

Qt � a + kit
1/2

, (4)

where Qt (mg/g) and Qe (mg/g) are the amounts of Cr(VI)
adsorbed at time t (min) and at equilibrium, respectively,
and k1 (min− 1), k2 (g/mg·min), ki (mg/g·min1/2), α (mg/
g·min), and β (g/mg) are the rate constants of PFO, PSO,
IPD, and Elovich equation, respectively.
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Figure 1: Schematic of sampling sites near the chromium ore processing residue (COPR) dumpsite.
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�e values of di�erent model constants are given in
Table 1.�e values of correlation coe	cient (R2) for the PFO
kinetic model were quite low. It indicates that the adsorption
of Cr(VI) onto aquifers does not follow the PFO kinetic. �e
values of correlation coe	cient (R2) for the PSO kinetic
model were the highest. Also, the adsorption capacities
calculated by the PSO kinetic model were 1.27, 1.02, and
0.87mg/kg for clay, silty clay, and silt, respectively, which
were most close to the experimental results. It indicates that
the PSO model (see Supplementary Material Figure S6) was
most suitable for describing the adsorption kinetics of
Cr(VI) in three tested aquifers. �e well-�tting PSO model
suggests that the adsorption of Cr(VI) onto aquifers is highly

controlled by chemisorption. Electronic forces occur be-
tween anion groups of Cr(VI) and cation groups of aquifers
by sharing or exchange of electrons [27]. Similar results
reported in earlier studies also showed that the PSO kinetic
model was most suitable for Cr(VI) adsorption [26, 28, 29].
�e experimental data also had a good �t of Elovich equation
(R2 values of 0.912–0.990). �is implies a multilayer ad-
sorption which predominates Cr(VI) adsorption in aquifers,
and every layer shows various activation energy for chem-
isorption [30].

In addition, to better understand the adsorption
mechanism, it is necessary to determine the rate-limiting
step. Figure 2(b) shows that the plots are not good linear over

0 50 100 150 200
t (min)

Q
 (m

g/
kg

)

250

Clay
Silty clay
Silt

300 350

0.2

0.4

0.6

0.8

1.0

1.2

(a)

t1/2 (min1/2)

Clay
Silty clay
Silt

2 4 6 8 10 12 14 16 18 20

Q
 (m

g/
kg

)

0.2

0.4

0.6

0.8

1.0

1.2

(b)

Clay
Silty clay
Silt

–0.2
0.00325 0.00330 0.00335

1/T
0.00340 0.00345 0.00350

–0.1

0.0

0.1

 0.2

ln
K 

(L
/K

g) 0.3

0.4

0.5

0.6

(c)

2 4 6 8
pH

10 12

Q
 (m

g/
kg

)

0.2

0.4

0.6

0.8

1.0

1.2

Clay
Silty clay
Silt

(d)

Figure 2: (a) Adsorption equilibration curves of Cr(VI) adsorption by clay, silty clay, and silt. Cr(VI) solution 1.0mg/L, aquifers 0.1 g/mL,
pH 7-8, and 288K. (b) Intraparticle di�usion kinetics for adsorption of Cr(VI) by clay, silty clay, and silt. Cr(VI) solution 1.0mg/L, aquifers
0.1 g/mL, pH 7-8, and 288K. (c) Typical plots of ln K versus 1/T for adsorption of Cr(VI) by clay, silty clay, and silt. (d) E�ect of pH on Cr(VI)
adsorption by clay, silty clay, and silt. Cr(VI) solution 1.0mg/L, aquifers 0.1 g/mL, and 288K.
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the whole time range. It suggests more than one mechanism
involved in the adsorption process [31]. Figure 2(b) shows
that the IPD model fitting plots are constituted by three
straight lines.*e first steeper line was controlled by external
surface adsorption (film diffusion); the second step with less
steep was controlled by intraparticle diffusion; and the
equilibrium stage was due to pore diffusion [32]. *ese
results suggest that the adsorption mechanisms of Cr(VI) in
aquifers were complex and affected by film diffusion,
intraparticle diffusion, and pore diffusion. Similar findings
were reported about the Cr(VI) adsorption by microporous
activated carbon [33] and graphene/SiO2@polypyrrole
nanocomposites [25].

3.2.2. Adsorption Isotherm. Adsorption isotherm experi-
ments were conducted with different initial Cr(VI) con-
centrations under controlled conditions of pH 7-8 and
temperature 288K, 298K, and 308K.

As seen in Figure 3, the adsorption capacities increased
steadily with increasing initial Cr(VI) concentrations. Such a
trend can be explained that the greater the quantity of Cr(VI)
in the solution the higher the driving force for mass transfer
to the surface of aquifers [34]. Figure 3 also shows that the
adsorption of Cr(VI) in clay, silty clay, and silt all increased
with increasing temperature, which implies that the ad-
sorption process is endothermic in nature. Moreover, Fig-
ure 3 also shows that the Cr(VI) adsorption capacities of
three tested aquifers varied distinctly due to their different
physicochemical properties. *e adsorption capacities of
Cr(VI) in the three aquifers followed the order: clay> silty
clay> silt.

Langmuir and Freundlich equations are the most
common models in earlier studies [25, 35, 36] to describe
adsorption isotherms.*e Langmuir equation (equation (5))
and Freundlich equation (equation (6)) are as follows:

C

Q
�

1
KLqm

+
C

qm
, (5)

lgQ � lgKF + nlgC, (6)

where Q (mg/kg) is the amount of Cr(VI) adsorbed by the
aquifers, C (mg/L) is the equilibrium concentration of
Cr(VI), qm (mg/kg) is the maximum adsorption capacity, KL
(L/kg) represents the Langmuir constant related to the
bonding force of adsorption, KF (L/kg) is the Freundlich

adsorption equilibrium constant representing the adsorp-
tion capacity, and n is the Freundlich constant indicative of
adsorption intensity.

Isotherm parameters of above described models for
Cr(VI) adsorption in different aquifers at different tem-
peratures are listed in Table 2. According to the coefficients
of determination (R2), Cr(VI) adsorption data of all tested
aquifers were simultaneously better fitted by Freundlich
model (Table 2). *e Freundlich isotherm reflects the ad-
sorption process occurs in a heterogeneous surface with
interaction between adsorbed ions [37]. *ese results imply
that Cr(VI) adsorption in this study was a heterogeneous
multilayered adsorption [38]. Given that KF reflects the
adsorption capacity of aquifers for Cr(VI), the order of
adsorption capacities was clay> silty clay> silt. As shown in
Table 2, values of n were smaller than 1.0 at all temperatures,
indicating that Cr(VI) is not favorably adsorbed by clay, silty
clay, and silt [26]. Furthermore, the low values of KF (Ta-
ble 2) indicate that Cr(VI) is probably highly mobile in the
aquifers [39]. *ese results suggest that Cr(VI) may transfer
easily in these aquifers and cause severe pollution to the
surrounding groundwater.

3.2.3. Adsorption 9ermodynamics. To further clarify the
adsorption mechanisms, adsorption experiments of Cr(VI)
by different aquifers were carried out at 288, 298, and 308K.
*e results demonstrated that the adsorption of Cr(VI) in
clay, silty clay, and silt all increased with the increasing
temperature (see Supplementary Material Figure S7), which
is consistent with the result of the above adsorption
isotherms.

*e thermodynamic parameters were calculated by us-
ing the following equations:

ΔGθ
� ΔHθ

− TΔSθ,

ΔGθ
� − RT ln K,

ln K �
ΔSθ

R
−
ΔHθ

RT
,

(7)

where T (Kelvin) is the absolute temperature, ΔGθ (kJ/mol)
is the standard Gibbs free energy, ΔHθ (kJ/mol) is the
standard enthalpy change, ΔSθ (J/mol·K) is the standard
entropy change, and R is the gas constant (8.314 J/mol·K).

Table 1: Constants and coefficients of kinetic models.

Aquifers

Pseudo-first-order
kinetics Pseudo-second-order kinetics Elovich model Intraparticle diffusion

model
log(Qe − Qt) �

log(Qe) − (k1/2.303)t
t/Qt � (1/k2Q2

e) + (1/Qe)t Qt � β ln(αβ) + β ln t Qt � a + kit
1/2

k1
(min− 1)

Qe
(mg/g) R2 k2

(g/mg·min)
Qe

(mg/g) R2 α
(mg/g·min)

β
(g/mg) R2 a ki (mg/g·

min1/2) R2

Clay 0.0215 0.83 0.455 0.1382 1.27 0.996 16.49 0.1845 0.912 0.6252 0.0380 0.775
Silty clay 0.0281 1.49 0.828 0.0376 1.02 0.998 3.575 0.1815 0.990 0.3231 0.0384 0.889
Silt 0.0276 0.82 0.617 0.0246 0.87 0.995 2.679 0.1713 0.930 0.2652 0.0334 0.753
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ΔHθ and ΔSθ were computed from the slopes and intercepts
of the linear regression of ln K versus 1/T.

�ermodynamic parameters (ΔGθ, ΔHθ, and ΔSθ) are
present in Table 3.

Negative values of ΔGθ (Table 3) indicate that the Cr(VI)
adsorption in three tested aquifers is thermodynamically
feasible and spontaneous within the temperature range
288–308K [40]. ΔGθ decreases with the increase in
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Figure 3: Adsorption isotherm curves of Cr(VI) adsorption in clay (a), silty clay (b), and silt (c).

Table 2: Isotherm parameters for adsorption of Cr(VI) in di�erent aquifers at di�erent temperatures.

Aquifers Temperature (K)
Langmuir model

(C/Q) � (1/KLqm) + (C/qm)
Freundlich model lgQ � lgKF + nlgC

KL (L/kg) qm (mg/kg) R2 KF (L/kg) n R2

Clay
288 0.057 28.33 0.907 1.438 0.751 0.991
298 0.052 40.00 0.892 1.830 0.776 0.988
308 0.052 49.26 0.887 2.230 0.784 0.986

Silty clay
288 0.070 20.45 0.939 1.199 0.749 0.987
298 0.057 30.86 0.942 1.523 0.775 0.9891
308 0.055 39.37 0.934 1.865 0.783 0.986

Silt
288 0.071 16.89 0.939 1.002 0.749 0.987
298 0.061 22.47 0.946 1.154 0.774 0.9891
308 0.056 32.68 0.956 1.573 0.778 0.986
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temperature, reflecting an endothermic adsorption process.
Moreover, the more negative value of ΔGθ for clay indicates
that more energetically favorable adsorption occurs in clay
than that in silty clay and silt [41]. *is phenomenon could
also be explained by the higher contents of clay particles with
smaller size (implies much more specific surface area), the
higher average porosity (means more micropores available)
[42], and the more organic matter content [43, 44] of clay
than that of silty clay and silt as described in Table S4 (see
Supplementary Material).

*e positive enthalpy change (ΔHθ ranges from 7.30 to
18.38 kJ/mol) suggests an entropy-driven process [45], which
further confirms an endothermic adsorption process as ob-
served in the aforementioned adsorption isotherms.*e values
ofΔHθ are all less than 40kJ/mol, suggesting a physisorption of
Cr(VI) onto clay, silty clay, and silt [46]. Combined with the
adsorption kinetics in earlier section, physisorption and
chemisorption play important roles together in adsorption of
Cr(VI) onto clay, silty clay, and silt. *e values of ΔSθ are
positive, indicating an increased randomness at the solid-so-
lution interface [47]. Besides, the values of ΔSθ follow the
sequence of clay< silty clay< silt, suggesting that the degree of
randomness increases from clay to silt.

3.2.4. Effect of pH. As well known, pH plays important roles
in the adsorption behavior. So, the influence of the solution
pH on the Cr(VI) adsorption by three tested aquifers was
investigated at 288K and an initial Cr(VI) concentration of
1.0mg/L. As shown in Figure 2(d), adsorption of Cr(VI) is
strongly dependent on the pH; the adsorption amount of
Cr(VI) in aquifers decreased with the increasing pH. *e
results are consistent with previous studies [17, 25, 42, 48],
showing lower pH which provides more advantage for
Cr(VI) adsorption. *ere are two main reasons for this
phenomenon. Firstly, at low pH condition, large number of
H+ ions neutralize the negatively charged hydroxyl group
(-OH) on the adsorbent surface, thereby reducing hindrance
to the diffusion of Cr(VI) ions [25]. On the contrary, at
higher pH values, the abundance of OH− ions causes in-
creased hindrance to diffusion of Cr(VI) ions. Secondly, the
predominant form of HCrO4

− shifts to CrO4
2− as pH in-

creases [49]. HCrO4
− ion needs only one active site, whereas

CrO4
2− needs two active sites due to its two negative charges,

thus causing a decrease of Cr(VI) adsorption as pH increases
[50].

3.3. Adsorption/Desorption Columns of Cr(VI) Transport in
Aquifers. In the present work, adsorption column experi-
ments were carried out to model the contaminant transport
process. In addition, the desorption column experiments
were applied to model the rainwater washing the contam-
inant from the upper layers of soils and aquifers to sub-
sequent depths. *e breakthrough curves showed the
performance of fixed-bed column. *e point on the
S-shaped curve at which the effluent concentration (Ct)
reaches its maximum allowable value is referred as the
breakthrough point [51]. *e breakthrough point time and
the shape of the breakthrough curve are important char-
acteristics to determine the dynamic response of adsorption
columns [52, 53].

*ree breakthrough curves of adsorption columns with
different aquifers are displayed in Figure 4(a). As seen from
Figure 4(a), the curves all look like “S” shaped, but the slopes
of the breakthrough curves change with varying aquifers.
*e breakthrough curves of silty clay and silt are steeper than
that of clay, which may be explained on the mass transfer
fundamentals [53]. A slower transport of Cr(VI) in clay
could be caused by a decrease in mass transfer coefficient or
diffusion coefficient [54, 55]. Moreover, this result also
supported the aforementioned adsorption kinetics study. As
illustrated in Table S4 (see Supplementary Material), more
clay particles (means more adsorbent surface area) and more
organic matter content in clay column provided more
binding sites with Cr(VI), indicating a relatively slow
transfer process. Also, the organic matter in the aquifers may
have reduced some Cr(VI) into Cr(III), greatly reducing the
transport of Cr(VI) through the aquifers [16, 56, 57].
Considering that the porosity of the packed column
(Table S3) is higher than the actual porosity of study site
(Table S4), it could be inferred that the seepage velocity of
Cr(VI) in the actual aquifers is slower.

On the other hand, the breakthrough curves of de-
sorption columns are shown in Figure 4(b). *e results
showed that the concentrations of Cr(VI) in three kinds of
columns of aquifers all decreased with time (Figure 4(b)). It
demonstrated that the Cr(VI) adsorbed on aquifers will
desorb and release into groundwater day by day in the case
of rainwater leaching, causing groundwater recontamina-
tion. Meanwhile, the curve slopes of silty clay and silt col-
umns were steeper than that of clay column, and the
breakthrough curve of clay showed a strong trailing phe-
nomenon. It suggests that the desorption process of clay

Table 3: *ermodynamic parameters for Cr(VI) adsorption in different aquifers.

Aquifers Temperature (K) ΔGθ (kJ/mol) ΔHθ (kJ/mol) ΔSθ (J/mol·K)

Clay
288 − 0.79

7.30 28.08298 − 1.07
308 − 1.35

Silty clay
288 − 0.05

16.00 55.73298 − 0.60
308 − 1.16

Silt
288 − 0.02

18.38 62.39298 − 0.22
308 − 0.84
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column is much slower than that of silty clay and silt col-
umns. �is result is also consistent with aforementioned
results of adsorption isotherms.

Finally, according to the result of adsorption and de-
sorption column experiments, the COPR leachate will
continuously transport into aquifers and groundwater
therefore causing severe pollution. At the same time, the
chromium adsorbed on the aquifers will desorb and release
into groundwater under the action of rainwater leaching,
causing a recontamination of groundwater. �erefore, the
COPR dumpsite is urgent to be properly treated. Also,
comprehensive management of soils must be attached im-
portance to prevent any further pollution of groundwater.

4. Conclusions

�e results from this study are summarized as follows:

(1) �e top soils (5–10 cm), shallow aquifers, and
groundwater nearby the chromium ore processing
residue (COPR) dumpsite are severely polluted by
Cr(VI).

(2) �e adsorption of Cr(VI) in aquifers was well de-
scribed by pseudo-second-order kinetics equations
and Freundlich model. �e kinetic results proved
that Cr(VI) is not easily adsorbed by aquifer me-
diums but transports with groundwater, causing
long-distance pollution. �e adsorption capacities of
Cr(VI) in three tested aquifers followed the order:
clay> silty clay> silt. Cr(VI) adsorption capacities in
three tested aquifers decreased with increasing pH.

(3) Di�erent thermodynamic parameters such as ΔGθ,
ΔHθ, and ΔSθ showed that the adsorption of Cr(VI)
onto tested aquifers was feasible, spontaneous, and
endothermic in nature. Adsorption kinetic and
thermodynamic results imply that physisorption and

chemisorption play important roles together in the
Cr(VI) adsorption onto clay, silty clay, and silt.

(4) Breakthrough curves of adsorption columns with
di�erent aquifers showed that the transport of
Cr(VI) followed the sequence of clay< silty
clay< silt.

(5) Desorption column experiments infer that the
Cr(VI) adsorbed on aquifers will desorb and release
into groundwater in the case of rainwater leaching,
causing groundwater recontamination.
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Supplementary Materials

�e detailed information of sampling, soil characteristics,
and experiments are described in the Supplementary Ma-
terial. Photos of chromium ore processing residue (COPR)
dumpsite in the former Tianjin Tongsheng Chemical Factory
in 2012 (Figure S1). Photos of core drilling and groundwater
sampling (Figure S2). Schematic of adsorption column
packed with aquifers (Figure S3).�e concentrations of total
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Cr in top soils (5–10 cm) of 11 sampling sites (Figure S4).
*e concentrations of total Cr in aquifers at different depths
of 1–6m of 11 sampling sites (Figure S5). Pseudo-second-
order kinetics for adsorption of Cr(VI) onto clay, silty clay,
and silt. Cr(VI) solution 1.0mg/L, aquifers 0.1 g/mL, pH 7-8,
and 288K (Figure S6). Effect of temperature on Cr(VI)
adsorption by clay, silty clay, and silt. Cr(VI) solution
1.0mg/L, aquifers 0.1 g/mL, and pH 7-8 (Figure S7). Geo-
graphical locations of the drilling sampling sites (Table
S1).Vertical distribution of local geological formations
(Table S2). Packing status of columns and operating con-
dition for the adsorption/desorption column study (Table
S3). *e physicochemical properties of different aquifers
(Table S4). *e concentration of Cr(VI) and total Cr of
groundwater in monitoring wells of 11 sampling sites (Table
S5). (Supplementary Materials)
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