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Abstract
Malan loess is a gray-yellow/brown-yellow, highly porous substance that has carbonate and calcium nodule late quaternary
sediment formed by the accumulation of windblown dust. In this paper, the adsorption performances and mechanisms of sulfate
adsorbed onMalan loess (Q3) were evaluated using batch adsorption experiments. The effects of the solid-to-liquid ratio, contact
time, initial concentration, temperature, and pH on sulfate adsorption in acid mine drainage (AMD) were studied. The results
indicated that sulfate adsorption capacity in loess increased with increasing contact time, initial concentration, and temperature,
but decreased with an increased solid-to-liquid ratio. The acid condition was beneficial to the adsorption of sulfate. The optimal
solid-to-liquid ratio was 100 g/L within the 50 to 800 g/L range, whilst the adsorption capacity and removal rate were 123.86 mg/
g and 61.38%, respectively. XRD and FTIR analysis with or without sulfate adsorption demonstrated that calcite of loess played a
key role during adsorption. Based on the results of batch experiments and physiochemical analysis, chemical adsorption was the
dominant contributor. These results suggest that Malan loess is an applicable adsorbent for sulfate pollution.
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Introduction

Acid mine drainage (AMD) is a global environmental prob-
lem that is associated with mining activity (Kim and

Yeongkyoo 2015; Moncur et al. 2014), which is generated
from the oxidation of pyrite in the presence of bacteria
(Blodau 2006; Chen et al. 2014; Pierre Louis et al. 2015).
AMD is characterized by acidity and high concentrations of
sulfate and heavy metal ions (Anawar 2015; MacIngova and
Luptakova 2012; Modabberi et al. 2013; Ouyang et al. 2015).
In recent years, AMD overflows have occurred due to the
closure of many coal mines. This has led to AMD movement
into superficial and subterranean waters, small streams, and
rivers. AMD is therefore classed as a Blong-term pollution
source^ (Ramla and Sheridan 2015; Galhardi and Bonotto
2016; Shim et al. 2015; Tischler et al. 2014; Gammons et al.
2010) and creates severe environmental problems in coal and
gold mines. For example, AMD has been observed in various
mining regions within Krugersdorp in South Africa, with sul-
fate concentrations of 3500 mg/L and pH ranging from 2 to 3
(Matsumoto et al. 2016). In China, the water quality of the
Niangziguan spring in Shanxi province is severely affected by
AMD from the abandoned mines in the Shandi River coal
belt. In addition, the ecosystem was seriously damaged by
AMD in acid mine areas, which caused the greenhouse effect.
This accelerates climate change in the nearby environment as
well as in forest, coastal, and urban areas (Cetin 2016a,
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2016b.). Recently, mining using remote sensing and GIS has
begun to solve problems related to water sources based on
element characteristics (Kaya et al. 2018a, 2018b, Cetin
et al. 2018).

The high concentrations of sulfate in AMD leads to pollu-
tion problems. Excessive sulfate negatively affects plant
growth, disrupts the local ecological environment by acidify-
ing soils and blocking soil pores which slows irrigation and
water drainage (Bowell 2000), and causes diarrhea in humans
(Backer and Lorraine 2000). AMD causes corrosion and scal-
ing in pipes, structures, and equipment (Dehwah et al. 2002).

The maximum tolerable levels of sulfate in drinking water
are 500 mg/L and 250 mg/L, as regulated by The World
Health Organization (WHO) and China, respectively (WHO.
2011; GB 2006). As a consequence, efficient and cost-
effective solutions to remove sulfate from AMD are urgently
required. Sulfate removal methods include the following: (i)
biological treatment by sulfate-reducing bacteria (SRB).
Under anaerobic conditions, sulfate is reduced by SRB in
the presence of organic substrates and the resulting sulfide
can precipitate with metal ions to form stable metal sulfides
which are stable and can be removed; (ii) chemical methods.
Chemicals are used to decrease contaminants via converting
them to inactive states; and (iii) adsorption methods using
mineral materials. The remediation of sulfate with SRB is a
promising alternative to conventional treatment methods.
However, a limitation of SRB is that the low pH (pH < 4.0)
of AMD inhibits the growth of microorganisms (Min et al.
2008; Sheoran et al. 2010; Hao et al. 2014; Sánchez-Andrea
2014; Bertolino et al. 2012). Although chemical treatment has
been widely used as an alternative, it is expensive and leads to
problems with chemical sludge treatment and disposal
(Johnson and Hallberg 2005; Wu et al. 2002; Alemayehu
and Lennartz 2010). Adsorption technologies are being in-
creasingly considered as an attractive method due to their
low cost and high efficiency.

In recent years, loess has been employed to adsorb contam-
inants (Zhu et al. 1983; Haque andWalmsley 1973; Jiang et al.
2010). Xie et al. (2017) investigated the adsorption properties
of NH4

+-N on Chinese loess and found that it effectively re-
moved NH4

+-N from aqueous solution. As reported by Tang
et al. (2009), loess can also be used for Zn adsorption from
aqueous solution and this process is influenced by the initial
Zn concentration, pH, and temperature. Punrattanasin and
Sariem (2015) determined that the adsorption of Cu, Zn, and
Ni on red and yellow loess was influenced by contact time, the
initial concentration of metal ions, and temperature. The
adsorption capacity of yellow loess was higher than red
loess. Cerqueira et al. (2011) assessed the adsorption of co-
existing Cu and Cd in loess. The adsorption capacity of Cu
was found to be higher than that of Cd. Compared to the soil,
Chen and Liu 2014) found that organo-nano-clay had a rela-
tively higher adsorption capacity for sulfate in aqueous

solution. According to Zhao et al. (2017), sulfate adsorption
in soil is mediated through electrostatic interactions and
CaSO4 formation, but biochar amendment does not increase
the adsorption capacity of soil towards sulfate. Although loess
has been proposed as an adsorbent of pollutants, studies on the
various strata of loess are lacking.

In Northwestern China, loess is distributed in Shanxi,
Shaanxi, Ningxia, Gansu, Inner Mongolia, and Henan. The
loess-paleosol sequence in LPC typically consists of
Wucheng loess (Q1), Lishi loess (Q2), and Malan loess (Q3)
(Li et al. 2018). Malan loess is rich in carbonate and calcium
nodules, possesses a large surface area, strong adsorption ca-
pabilities, high porosity, and excellent permeability.
Furthermore, more than 60% of the coal mining area is over-
laid with thick regions of loess. Thus, the abundance of loess
provides the necessary materials for the treatment of AMD in
the Shanxi province.

This study evaluated the adsorption performance and
mechanism(s) of sulfate adsorbed onto Malan loess (Q3).
Based on batch adsorption experiments, we assessed the ef-
fects of the solid-to-liquid ratio, contact time, initial concen-
tration, temperature, and pH. In addition, the crystalline struc-
ture of the loess with or without adsorbed sulfate was deter-
mined by X-ray diffraction (XRD) and Fourier transform in-
frared spectroscopy (FTIR) to fully understand the mecha-
nisms of loess adsorption.

Materials and Methods

Materials

Water samples were collected from the mine area of Yangquan
City, Shanxi Province, China. They were stored in 10-L poly-
ethylene bottle. The samples had a pH of 2.0 and a sulfate
concentration of 20,180 mg/L, which was 80.72 times the
maximum tolerable levels of sulfate in drinking water (GB
2006). The mine was in use for over 50 years prior to closing.
Following closure, the AMD groundwater levels increased,
and the water overflowed in certain locations, causing a po-
tential risk to water resources and the environment.

The samples of Malan loess used in this study were obtain-
ed from a slope in Yangquan City, Shanxi Province, China,
and were collected at a depth of 3.0 m to avoid plant roots. The
samples were oven-dried at 105 °C for 24 h, cooled to room
temperature, and passed through a 200-mesh-particle-size
sieve. They were then stored in plastic bags until use. Clay
(< 2 μm), silt (2–20 μm) and sand (> 20 μm) accounted for
1.56%, 22.64%, and 75.8%, respectively. The particle size
was obtained using a particle size analyzer (Mastersizer
2000, China). Surface area was calculated using the
Brunauer–Emmett–Teller (BET) method. The total pore vol-
ume including microspore volume was determined through
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the levels of adsorbedN2 under 0.99 pressure. The surface area,
single point volume, and average pore diameter were 36.789 m2

g−1, 0.247 cm3 g−1, and 26.896 nm, respectively. Compared with
other soil, Malan loess had a larger specific surface area (Tang
et al. 2009). The natural pH of loess was 8.05 which was mea-
sured using a radiometer PHM 250 ion analyzer.

Batch adsorption experiments

A series of batch adsorption experiments were performed to
evaluate the adsorption performance and mechanisms of
Malan loess. Adsorption kinetics were measured according
to the solid-to-liquid, contact time, initial concentration, and
temperature. Three replicates of all experiments were
performed.

Experiments were performed at a range of solid-to-liquid
ratios (50 g/L, 100 g/L, 200 g/L, 400 g/L, and 800 g/L) and
adsorption times (5 min, 10 min, 0.5 h, 1 h, 2 h, 4 h, 8 h, 16 h,
and 24 h) during shaking in a water bath at 270 rpm. Samples
were separated from the suspension using a centrifugal sepa-
rator at 5000 rpm for 5 min. Sulfate concentrations in the
supernatants were analyzed through barium chromate spectro-
photometry (λ = 440 nm, UV-vis spectrophotometry OVA,
Lyz, Cyt) ( GB/T 2006). To investigate the effects of the initial
concentration, sulfate in AMD was diluted in deionized water
at ratios of 1:0, 1:0.5, 1:1, 1:2, 1:4, 1:8, and 1:16. The pH of
the solution was adjusted to 2.0 using 0.1 M HCl and NaOH.
The effect of temperature was evaluated across the range of
15, 25, and 35 °C. To investigate the effect of solution pH on
sulfate removal, appropriate amounts of either 0.1 M HCl or
NaOH solutions were used to adjust the solution pH to 2.0–
10.0.

The removal rate and adsorption capacity of sulfate
adsorbed onto loess was calculated using Eqs.1 and 2. To
investigate the rate law of sulfate onto loess, pseudo-first-
order kinetics (Do 1998), pseudo-second-order kinetics (Do
1998) and the intra-particle diffusion model (Ho and Mckay
1998) were applied to fit the kinetic data. To investigate the
sulfate adsorption of loess, Langmuir (Do 1998), Freundlich
(Do 1998) and D–R isotherm models (Ho and Mckay 1998)
were employed to fit the isotherm data.

The removal rate of sulfate (R) was calculated from the
following equation:

R ¼ C0−Ct

C0
� 100 ð1Þ

The adsorption capacity of the loess was calculated using
the following equation

qt ¼
C0−Ctð Þ � V

m
ð2Þ

where qt (mg g−1), at time, t, was the adsorption capacity, C0

(mg L−1) was the initial concentration of the solution, Ct (mg
L−1) was the residual concentration, V (L) was the volume of
the solution, and m (g) was the mass of loess.

Loess characterization

The crystal structure of loess with or without adsorbing sulfate
was determined using an X-ray diffractometer (XRD) with the
radiation of copper Kα. The XRD pattern was scanned within
the 2θ range from 0 to 65°, at a rate of 6.0° min−1. Fourier
transform infrared (FTIR) spectra (4000–500 cm−1) were
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recorded using the TENSOR 27 model (BRUKER,
Germany). The sample was thoroughly mixed with KBr
(weight ratio of sample/KBr = 1%) in a mortar, and the fine
powder was pressed into a pellet.

Results and discussion

Effect of the solid-to-liquid ratio

We first examined the effects of the solid-to-liquid ratio (50–
800 g/L) on the adsorption of sulfate from AMD by loess
(Fig. 1). The sulfate adsorption capacity sharply decreased at
solid-to-liquid ratios of 50 to 200 g/L, and decreased more
gradually from 200 to 800 g/L, likely due to the cementation
and flocculation of loess. During assessment of the adsorption
capacity, the sulfate removal ratio sharply increased from 50
to 100 g/L and then remained stable at higher solid-to-liquid
ratios. Enhanced removal rates were primarily due to the in-
creased number of available adsorption sites as the solid-to-
liquid ratio increased. Here, the optimal solid-to liquid ratio
was 100 g/L at which the sulfate adsorption capacity and
removal rates were 123.86 mg/g and 61.38%, respectively.
Similar observations had been reported (Liao and Shi 2005).
At low solid-to-liquid ratios, potential adsorption sites on the
loess were fully exposed and more quickly saturated, leading
to higher adsorption values. However, at high solid-to-liquid
ratios, potential binding sites were made unavailable due to
particle aggregation, thus reducing the total surface area of the
adsorbent and decreased the adsorption values.

Effects of contact time

The effect of contact time on sulfate adsorption onto loess is
depicted in Fig. 2 at five solid-to-liquid ratios. The adsorption

of sulfate occurred rapidly in the first 30 min, reaching 80% of
the maximum adsorption. Adsorption then slowed till
reaching an equilibrium at 960 and 480 min in the range of
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50 to 100 g/L and 200 to 800 g/L, respectively. The calcite of
loess dissolved in strong acidic solution, then combined with
the sulfate and was adsorbed onto the loess surface, which
limited the adsorption. To make sure of sufficient contact time,
other batch experiments (solid-to liquid ratio was 100 g/L)
were carried out for 24.0 h.

To further explore the sulfate adsorption process, kinetic
data were fitted using pseudo-first-order, pseudo-second-or-
der, and intra-particle diffusion models. The results are pre-
sented in Fig. 3 and the corresponding parameters are listed in
Table 1. According to the highest correlation coefficient R2 >
0.999 (Table 1), the theoretical qe,cal values were consistent
with the experimental qe values (qe = 15.93 mg g−1, 31.90 mg
g−1, 65.50 mg g−1, 123.08 mg g−1, 160.92 mg g−1 at solid-to-

liquid ratios of 800 g/L, 400 g/L, 200 g/L, 100 g/L and 50
g/L). Thus, the adsorption kinetics of sulfate onto loess were
most accurately described by the pseudo-second-order model.
The results indicated that the adsorption process was dominat-
ed by the chemical reaction (Koumaiti et al. 2011). Figure 3c
demonstrated that the linear fit of the diffusion model of sul-
fate adsorption particles was a multi-stage process (Zhao et al.
2017). The three stages of the adsorption process which oc-
curred at solid-to-liquid ratios of 50 g/L and 100 g/L were
rapid external surface adsorption, gradual internal diffusion,
and final equilibration. However, at higher solid-to-liquid ra-
tios including 200 g/L, 400 g/L and 800 g/L, no second linear
portion was observed during the adsorption process. The plots
did not pass through the origin, suggesting that the adsorption
was complex and involves both surface adsorption and intra-
particle diffusion.

Effects of initial concentration and temperature

The influence of the initial concentration and temperature on
sulfate adsorption by loess is shown in Fig. 4.

The increase in adsorption capacity was low at sulfate equi-
librium concentrations of 0 to 1000 mg/L, and rapidly in-
creased from 1000 to 6000 mg/L. The concentration gradient
of sulfate on the interface between loess and the solution

Table 1 Parameters of the kinetic models

Model Parameter Solid-to-liquid ratio (g/L)

800 400 200 100 50

Pseudo-first-order kinetics qe (mg g−1) 4.035 7.516 11.834 44.88 84.352

k1(× 10−3 min−1) 6.112 10.05 22.11 9.58 15.72

R2 0.3583 0.5968 0.7911 0.7474 0.9412

Pseudo-second-order kinetics qe (mg g−1) 16.39 31.85 65.36 123.46 158.73

k2(× 10−3 g mg−1 min−1) 6.54 9.46 4.17 1.417 2.54

k2.qe
2(mg g−1 min−1) 1.76 9.60 17.81 21.60 63.99

R2 0.9991 1 0.9999 1 0.9996

Intra-particle diffusion model kint1(mg g−1 min−1/2) 2.553 5.098 11.25 31.6 36.41

C1 3.296 5.998 14.39 4.615 2.653

R1
2 0.7148 0.7501 0.7185 0.9306 0.9818

kint2(mg g−1 min−1/2) 2.114 4.296

C2 88.04 101.94

R2
2 0.9628 0.9446
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Fig 4 Effects of the initial concentration on the adsorption of sulfate by
loess at different temperatures (initial sulfate concentration: solution-
deionized water ratios 1:0, 1:0.5, 1:1, 1:2, 1:4, 1:8, and 1:16, contact time
= 24 h, solid-to-liquid ratio = 100 g/L, pH = 2.0)

Table 2 Thermodynamic parameters for sulfate adsorption onto loess

T(K) ΔG0(kJ mol−1) ΔH0(kJ mol−1) ΔS0(J mol−1 K−1)

288.15 − 1.27 11.05 43.10
298.15 − 2.02

308.15 − 2.12
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increased as initial concentrations increased, as elevated sul-
fate concentrations provided the necessary driving force to
overcome mass transfer resistance between the liquid and sol-
id phases. Compared with the sulfate concentration, although

the adsorption capacity of sulfate improved with the tempera-
ture increasing, the latter only had a smaller effect on its ad-
sorption capacity.

In order to investigate nature of the adsorption process,
thermodynamic parameters (ΔG0,ΔH0,ΔS0) were estimated
according to Eqs. 3–5. (Sadik et al. 2015).

k ¼ qe
ce

ð3Þ

ΔG0 ¼ −RTlnk ð4Þ

lnk ¼ ΔS0

R
−
ΔH0

RT
ð5Þ

where R is the universal gas constant (8.314 J mol−1 K−1); k is
an adsorption equilibrium constant; the linear curve was fitted
using 1/T versus lnk. The changes in standard enthalpy (ΔH0)
and standard entropy (ΔS0) were calculated based on the slope
and intercept, respectively.
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Table 3 Parameters of the isotherm models

Model Parameter Temperature(°C)

15 °C 25 °C 35 °C

Langmuir qm (mg g−1) 45.95 32.49 35.29

B (L mg−1) 0.000125 0.000165 0.000164

R2 0.5906 0.6421 0.6135

Freundlich K (mg g−1) 0.2692 4.699 13.53

n 1.743 1.447 1.326

R2 0.9648 0.9797 0.9456

D–R qm (mg g−1) 68.375 82.023 85.115

k 0.4078 0.4159 0.374

R2 0.9077 0.919 0.9181

0 2 4 6 8 10 12
0

20

40

60

80

100

120

140

pH
fi

na
l

q e m
g/

g

pH
initial

 adsorption capacity of sulfate
 pH

0

1

2

3

4

5

6

7

8

9

10

Fig. 6 Effects of solution pH on the adsorption of sulfate by loess
(temperature = 25 °C ± 1 °C, initial sulfate = C0 20180mg/L, contact
time = 24 h, solid-to-liquid ratio = 100 g/L)
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The calculated thermodynamic parameters are listed in
Table 2. The negative values of ΔG0 and positive ΔH0

implied that the adsorption of sulfate on loess was spon-
taneous and endothermic in nature. The positive value of
ΔS0 indicated that randomness, or entropy, increased at
the solid-liquid interface during adsorption process.
Similar results were observed in previous studies (Chen
et al. 2014). It was possible that the increased temperature
promoted the sulfate-loess interaction, increased sulfate
mobility, and reduced the mass transfer resistance to dif-
fusion ions. In future experiments, the adsorption of loess
under freezing/thawing environmental conditions should
be considered.

The isotherm data were further analyzed using the
Langmuir isotherm, Freundlich isotherm, and D–R isotherm
adsorption models to highlight the interaction between loess
and sulfate. The results are presented in Fig. 5 and the corre-
sponding parameters are listed in Table 3. Compared with the
other two models, the Freundlich isotherm model gave a
higher correlation coefficient (R2), indicating that the adsorp-
tion of sulfate onto loess did not occur on a monolayer, but on
a heterogeneous surface with different adsorption sites (Do
1998). Moreover, according to Table 3, n was larger than
unity, which increased with increasing temperature, indicating
that the adsorption was favorable (Vasiliu et al. 2011).
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Effects of pH on sulfate adsorptions

The effects of pH, ranging from 2.0 to 10.0, on the
sulfate adsorbed onto the loess are shown in Fig. 6.
Sulfate adsorption by loess was strongly dependent on
pH and adsorption capacity sharply decreased as pH in-
creased from 2.0 to 6.0, then decreased gradually from
6.0 to 10.0. Similar trends had been previously observed
in other adsorbents (Sadik et al. 2015; Zhao et al. 2017).
The surface of loess was positively charged by proton-
ation with H+, which led to increased anionic adsorption
through electrostatic attraction. Meanwhile, the calcite
component of loess dissolved in strong acidic solution
and combined with sulfate. However, the loess surface
was negatively charged in alkaline solutions, which re-
pelled the negative anionic (SO4

2−). Moreover, it was
possible that OH−could compete with SO4

2−for loess ad-
sorption sites, and that this could decrease the amount of
sulfate adsorped. Figure 6 showed that the pHfinal in-
creased when pHinitial < 8.0, indicating that loess has a
buffering effect on acidic solution. At pHinitial > 8.0, the
pHfinal shifted to lower values than pHinitial.

Adsorption mechanism

To clarify the sulfate adsorption mechanism(s), the crystalline
structure of loess with or without sulfate was determined by
XRD. The results are shown in Figs. 7 and 8 with correspond-
ing solid-to-liquid ratios and initial concentrations, respective-
ly. Figures 7a and 8a were natural Malan loess, mainly com-
posed of quartz, calcite, clay, and albite. When sulfate was
adsorbed onto this loess, the diffraction peak of calcite
(CaCO3) at 2θ = 29.365° decreased, and three diffraction
peaks of gypsum (CaSO4·2H2O) at 2θ = 11.575°, 20.668°,
and 29.052° appeared. This demonstrated that calcite played
a key role in sulfate adsorption onto loess through chemical
adsorption that was dependent on CaSO4. The intensity of
gypsum gradually increased with decreasing solid-to-liquid
ratios, and also increased with increasing soil-water ratios,
which indicated an increased adsorption capacity (Figs. 7
and 8) (Chung and IUCr 1975; Mehmet 2013). This result
was consistent with Figs. 1 and 4.

Figure 9 shows the FTIR spectra of the loess with or with-
out adsorbing sulfate. For natural loess, the intense bands at
1796 cm−1 and 2514 cm−1 were assigned to C=O (Xie et al.
2017; Wang et al. 2009). After sulfate was adsorbed onto the
loess, new characteristic peaks were observed as a doublet at
668 cm−1 and 603 cm−1 due to the bending vibration of the
sulfate (Anbalagan et al. 2009), and the peaks at 1796 cm−1

and 2514 cm−1 disappeared. This implied that the loess calcite
dissolved in AMD, combined with the sulfate, and was
adsorbed onto the loess surface. The combined results of

XRD and FTIR confirmed that calcite played a key role in
the chemical adsorption of sulfate from AMD.

Conclusions

This study investigated the adsorption of sulfate onto Malan
loess through batch adsorption experiments. The capacity of
loess to adsorb sulfate fromAMDwas dependent on the solid-
to-liquid ratio, contact time, and initial concentration. The
sulfate adsorption capacity increased with increasing adsorp-
tion time and initial concentration, but decreased with increas-
ing solid-to-liquid ratio. Although thermodynamic analysis
showed that the adsorption was spontaneous and endothermic,
the adsorption capacity was modestly influenced by tempera-
ture ranging from 15 to 35 °C. Acidic conditions were bene-
ficial to the adsorption of sulfate. The optimal solid-to-liquid
ratio for sulfate adsorbed onto loess was 100 g/L ranging from
50 to 800 g/L, while the adsorption capacity and removal rates
were 123.86 mg/g and 61.38%, respectively. The adsorption
of sulfate onto loess was well described by the pseudo-
second-order function. The Freundlich isotherm model gave
the best fit for the equilibrium data for sulfate adsorption onto
loess as compared to the other two isotherm models, indicat-
ing a heterogeneous adsorbent surface. XRD and FTIR anal-
ysis demonstrated that the loess calcite played a key role dur-
ing adsorption. Based on the results of batch experiments and
physiochemical analysis, chemical adsorption was the domi-
nant adsorption mechanism. In conclusion, the low cost of
loess and its ease of availability make it a potentially attractive
sulfate adsorbent in AMD. Loess loaded with sulfate can be
safely disposed of in landfills and burned after drying. Further
experiments will be required to assess the adsorption of sulfate
onto loess in a freezing/thawing environment.
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