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Abstract Understanding the effects of organic acids

(OA) on the transformation of Fe and Mn to surface water

from the weathering coal gangue is of great benefit to risk

assessment and remediation strategies for contaminated

water and soil. Based on the investigation on surface water

in the central coal districts of the Guizhou Province, 18

water samples were collected for heavy metal analysis. The

results indicated that the pH value of surface water is low

(3.11–4.92), and Fe concentration (1.31–5.55 mg L-1) and

Mn concentration (1.90–5.71 mg L-1) were, on average,

10.86 and 34.33 times the limit of Surface Water Quality

Standards, respectively. In order to evaluate the effects of

the OA on the dissolution of Fe and Mn from the weath-

ering coal gangue, column elution and batch leaching

experiments were conducted. The results show that the low

molecular weight of organic acids (LMWOAs, i.e., oxalic,

tartaric, malic and citric acids) and fulvic acids signifi-

cantly accelerated the dissolution of Fe and Mn; in addi-

tion, when the concentration of OA reached 25 mmol L-1,

the concentrations of Fe, and Mn were 1.14–67.08 and

1.11–2.32 times as high as those in 0.5 mmol L-1 OA,

respectively. Furthermore, the migration of Fe and Mn was

significantly influenced by the pH and Eh, especially for

Fe; the ion Mn was dissolved from the gangue more easily

than the ion Fe in the column leaching, which was contrary

to the results of batch leaching.

Keywords Coal gangue � LMWOAs � Fulvic acids �
Iron � Manganese � Leaching

1 Introduction

Wastewater effluents from coal refuses piles are considered

as serious environmental pollutants, as they are acidic and

contain several dissolved toxic metals. Under atmospheric

conditions, the oxidation of sulfide minerals in ores might

produce acid drainage waters with toxic heavy metals

(Novikova and Gas’kova 2013). Studies have shown dis-

charging pollutants from abandoned coalmines across the

Guizhou Province (Changyuan et al. 2009; Pan et al. 2009).

Coal mining has been forbidden, but there are still hun-

dreds of abandoned mine sites near urban and agricultural

areas. The mine waste and tailings have contaminated the

soil, sediments and ground water (Navarro and Martı́nez

2010).

Natural organic matter (NOM), which is in dissolved

form and solid form, plays a significant role in controlling

the disposition of toxic heavy metal elements in the envi-

ronment. Dissolved organic matter (DOM) bind metal ions

in solution and change their speciation and mobility (Lee,

et al. 2011). The binding of metal ions is important for the

transport and toxicity of many trace metals, but it has

proven difficult to find the equations that describe this

binding over a wide range of conditions (Kinniburgh et al.

1996). Root exudates have been shown to play a key role in

Fe and Mn absorption by plants, due to their ability to

enhance the metal solubility in soils (Jones and Darrah

1994; Rengel and Marschner 2005; Jiewen et al. 2015).

Fulvic acids (FA) were easily transported within the soil

profile and predominately gave rise to the migration (elu-

viations) of Fe and Al compounds (Egli et al. 2010). High
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concentrations of DOM enhance the release of structural

iron in clay minerals. Repeated redox alternations lead to a

translocation of iron in various directions (Kögel-Knabner

et al. 2010).

Although extensive research has investigated the func-

tion of organic acids (OA) in different soils, a knowledge

gap still exists on how the OA may affect the dissolution of

harmful metal elements from a coal refuses pile site. This

study was conducted to understand the leaching behavior

of Fe and Mn in a weathering coal gangue when subjected

to various OA, identify the impact of Fe and Mn mobility,

and provide useful information for the optimization of

abandoned mines vegetation restoration.

2 Materials and methods

2.1 Research area

The studied region was located in the Huaxi coalfield

(106�340–106�37E, 26�270–26�310N) of the Guizhou Pro-

vince. The region has a subtropical continental monsoon

climate and is warm and humid, with annual average pre-

cipitation of 1200 mm and a medial temperature of

14.9 �C. The bedrock of the area is mainly composed of

sedimentary carbonate rocks from the Permian–Triassic

period. The coal-bearing strata are mainly hosted in the

Permian Formation, and there are great differences both in

the coal seam numbers (8–32) and thicknesses. There are

several small streams in the study area and they receive the

effluent from the mine drainage of the abandoned coalmi-

nes and discharge them into the Wu Jiang River. There are

also innumerable abandoned coalmines upstream.

The Maiping coalmine is one of the abandoned mines

and tailings dams where mining activities were forbidden

by the local government, due to the chronic pollution of the

municipal drinking water reservoir of Guiyang city.

According to a field survey in 2009 (Wei et al. 2009), there

are 50 families, 34 genus and 50 species of flora in the

study area, all of which have natural restoration around

gangue dump. The Pinus massoniana and Betula lumini-

fera are the largest plant community biomass and make the

greatest contribution to the vegetation restoration in the

gangue land.

2.2 Surface water sampling around research area

Three small pits (50 cm diameter) were dug at the center of

the coal refuses pile to receive approximately 10 m2 rain-

fall. At the same time, three small pits were dug in a

dredged channel around the coal refuses pile. The runoff

water of the coal refuses pile was collected from the pits

around the refuses pile on 21st May (rainfall intensity was

1.5 mm/h) and 12th August 2013 (rainfall intensity was

2.0 mm/h). All the water samples were collected by poly-

ethylene bottles, respectively. Subsequently, after being

taken back to the laboratory, they were filtrated to a 50 mL

plastic centrifuge tube with a 0.45 lm filter membrane.

Each collected water sample was detected with pH, EC,

and Eh within 24 h after they were taken. The latter was

acidified with pure HNO3 to adjust its pH value to below 2,

to avoid Fe hydroxide precipitation. Then, all the samples

were stored at 4 �C in the refrigerator before any other

determination.

2.3 Preparation of materials for leaching

Research has shown that the organic acids in the forest

litters were mainly oxalic, malic, citric and malonic acid,

et al. (Jinfeng et al. 2004). These low molecular weight

organic acids (LMWOAs), as natural products, could be

produced from root secretions, microbial metabolism, OA

and the decomposition of plants, as well as animal residues

(An et al. 2011; Veselý et al. 2012; Almaroai et al. 2013).

As the largest plant community biomass in and around the

research area, P. massoniana would increase the oxalic,

tartaric, malic and citric acid exudation from their roots

(Yuanchun et al. 2007). The coal refuses are always piled

up in the valleys with the P. massoniana forest on the

opposite sides. On rainy days, the refuses will be scoured

and leached by flowing water, which is full of DOM (i.e.

FA) from the surrounding forest. In order to simulate the

leaching behavior of metals in natural rainfall (light rain),

we chose the oxalic, tartaric, malic, citric acids, FA, and

the pine needle soak (PNS) as the rainwater in this leaching

experiment.

Concentrated stock solutions of OA were prepared by

dissolving each organic acid in its acid form (oxalic, tar-

taric, malic, citric acids and FA) or soaks form (PNS) in

deionized water. Despite the fact that the LMWOAs con-

centrations were variable in the rhizosphere (various plant

species etc.), we selected the values of 25, 5, and

0.5 mmol L-1 to simulate the high, middle, and low con-

centration ranges observed in soil solutions (Jones 1998;

Jinfeng et al. 2011; Vaněk et al. 2012; Huan et al. 2015).

The LMWOAs and FA solutions were prepared from

chemicals of analytical grade, and the PNS were prepared

at 2 levels (PNS a and b). The half-decomposed withered

leaves and the non-decomposed withered leaves of pine

tree were soaked with deionized water according to the

solid: liquid ratio of 1:1 (w/v). After 24 h, the two mixtures

were filtered with quick filter paper, respectively, and we

named them as PNS a and b. The measured values of the

organic substances used for leaching are shown in Table 1.

The weathering coal gangue samples for leaching were

collected by the coal refuse piles from the research area
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and sifted through a 5 mm sieve, and then well-mixed. The

parameters for the main chemical variables of the weath-

ering coal gangue are presented in Table 2.

2.4 Organic acids column experiment

2.4.1 Equipment

The schematic diagram of the column experiments is

shown in Fig. 1. All column leaching tests have been

conducted under laboratory conditions (20 �C) using PVC

columns with an internal diameter of 7.5 cm and a length

of 50 cm. The packing of air-dried weathering coal gangue

took place in 15–20 increments, and each increment was

packed slightly before the next one was placed on top, until

the column was completely filled with 4 kg weathering

coal gangue. After coal gangue is filled uniformly, a filter

paper must be laid on the top of the gangue. We made sure

the filter paper was level, so the liquid drip onto the filter

paper was uniformly distributed on the surface of the coal

gangue. The leaching of the solution was horizontally

placed in a high position as far as possible, minimizing the

hydraulic change during the leaching time.

2.4.2 Procedure

The concentrated stock solutions of OA is composed of 5

kinds of OA with 3 concentrations and 2 kinds PNS.

Deionized water was used as a control treatment. The

experiments were performed twice for all treatments.

Continuously leaching the coal gangue for 24 h with the

leaching solution was taken up to simulate the light rain

(12.7 mm 24 h-1, i.e., 1 drop min-1) leaching on the coal

gangue. Prior to e, samples were filtrated to a 50 mL plastic

centrifuge tube with a 0.45 lm filter membrane. The

remaining collected liquid solution in the collector must be

poured out entirely. The next leaching was carried every

7 days, and the whole leaching experiment last for 91 days

(13 times).

Each collected water sample was detected for pH, EC,

and Eh within 24 h after the sample was taken. The latter

was acidified with pure HNO3 to adjust its pH value to

below 2, to avoid Fe hydroxide precipitation. All the

samples were stored at 4 �C in the refrigerator before any

other determination.

2.5 Organic acids batch experiments

After a long rain (3–5 days) in the research area, many

small pits were filled with water; then the natural leaching

procedure started. In order to simulate this leaching

behavior, we also used the deionized water as rainwater in

our batch leaching experiments. The same concentrated

stock solutions of OA as column leaching experiments

were used in this leaching test. Twenty batches were run

Fig. 1 Scheme of the experimental setup used in the column elution

experiments

Table 1 The pH, Eh, and EC values of the organic leaching solution

Types Oxalic Tartaric Malic Citric FA PNS Water

Levels H M L H M L H M L H M L H M L a b 0

pH 1.73 2.35 3.45 2.34 2.74 3.75 2.51 2.92 3.59 2.38 2.74 3.64 5.64 6.16 6.57 6.89 7.05 7.42

Eh 430 453 458 461 470 474 468 472 480 431 464 469 260 345 384 270 286 400

EC 6900 1818 146 1760 710 150 1140 482 111 1610 630 145 9600 2530 451 444 364 4

Note The H, M and L meant High, Middle and Low Levels; pH in pH units; Eh redox potential in mv; EC electrical conductivity in lS cm-1 at

25 �C

Table 2 The total contents of

ions in weathering coal gangue

for leaching./(mg kg-1)

Parameter Fe Mn Cu Zn Pb Cr Cd

Value 45857.13 238.20 38.06 155.29 18.871 170.104 0.158

318 Acta Geochim (2016) 35(3):316–328

123



with a solid: liquid ratio of 1:2 (w/v), using 20 g of air-

dried weathering coal gangue and 40 mL of synthetic

water. The leaching was conducted at a constant temper-

ature of 20 ± 3 �C in acid-cleaned centrifugation tubes

(PP). The leachates were sampled after 24, 72, 120, 168

and 216 h. Deionized water was used as a control treat-

ment. The experiments were performed twice for all

treatments. Batches were sealed and placed on a rotary

shaker for half an hour to achieve equilibrium, and prior to

collecting samples (5 mL each) they were filtered using a

0.45 lm polypropylene filter. The same treatments were

conducted as those from the column leaching after the

sample was collected.

2.6 Analytical methodology and statistical analysis

The pH, EC (electrical conductivity) and Eh (redox

potential) of the samples were measured with

portable equipment (Shanghai Leici Instrument Co., Ltd).

The fraction of dissolved heavy metals was attained by

analyzing the content of the filtered samples. The used

filter was a 0.45 lm syringe filter. The major elements (Fe,

Mn, Cu and Zn) in solutions were determined with Atomic

Absorption Spectroscopy (AAS PE-800, USA), and the

trace elements (Pb, Cr, and Cd) were analyzed by ICP-MS

(Platform ICP). Blanks and appropriate certified standard

reference materials were analyzed as unknowns with every

batch of samples. All the related glassware was soaked in

10 % HNO3 for 24 h and then thoroughly rinsed with the

deionized water before being used.

The analysis of statistical data was conducted by using

the Statistical Product and Service Solutions (SPSS 22).

The graphs were drawn with Origin Pro 9.1 or AutoCAD.

3 Results and discussion

3.1 Concentrations of heavy metals in surface water

around research area

The concentrations of the dissolved metals in the surface

water are presented in Table 3. The analytical results show

that the pH values ranges from 3.11, with the low tide

(affected water), to 6.99, with the high tide (unaffected

water). The low pH values (3.11–4.92) of these affected

waters are probably responsible for the metal mobilization.

The concentrations of Fe, Mn and Cd are 1.31–5.55,

1.90–5.71 and 0.005–0.015 mg L-1, respectively; and they

are on average 10.86, 34.33 and 2.00 times the limit of the

Surface Water Quality Standards (China’s Water Quality

Standards GB3838-2002), respectively. The ion concen-

tration decreases as quickly as the distance increases from

the center of the pile. The concentrations of Fe, Mn, and T
a
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Cd in the water obtained from edge of the pile decreased

61.38 %, 56.08 % and 57.14 % of those in the water

obtained from center of the pile, respectively.

High concentrations of Fe and Mn were found in the

samples and reflected the contribution of pyrite oxidation.

The oxidation of the sulfide minerals (pyrite) induced the

hydrogen ion to be constantly released into the surface

water in the presence of oxygen(Backes et al. 1985) and

the oxidation of metal sulfides containing heavy metals

gives rise to the release of heavy metals into the sur-

rounding environment (Zhi et al. 2001). These contami-

nated surface waters transfer the metallic pollutants to

stream waters and other ecosystems situated in the vicinity.

The chemical composition of the affected water is similar

to that observed in previous studies (Changyuan et al.

2009; Pan et al. 2009; Heikkinen et al. 2009; Smuda et al.

2014).

3.2 The concentrations of Fe and Mn in column

leaching

Based on the above analysis, we found that Fe and Mn

were the main water pollution elements in the research

area. In the following sections, we mainly discuss the

effects on Fe and Mn.

The result of column elution leaching is shown in

Table 4. Compared to the surface waters collected around

the research area (Table 3), the concentration of Mn in the

column leaching solutions are very close to the level of

affected water at the center of the pile, while the concen-

tration of Fe in all treatments are far lower than that in the

surface water. When the concentration of OA rises to

25 mmol L-1(High level), the concentrations of SO4
2-, Fe

and Mn are 1.04–1.13, 1.14–5.68 and 1.11–1.51 times as

high as those in the low concentration of OA

(0.5 mmol L-1), respectively.

3.2.1 Column leaching characteristics of Fe

The concentration curves of Fe in different concentrations

of OA are in Fig. 2. It is clear from the figures that almost

all the concentration of total Fe gradually decreased nearly

to their quantification limits on the 50th day, except for the

high concentration of FA leachates. Compared to water, the

higher concentration of LMWOAs is where the most dis-

solution of Fe would be, while PNS and FA were both

lower than water in the first 63 days. As mentioned before,

high concentration of DOM enhances the changes and

accelerates the release of structural iron, and supports the

formation of ferrihydrite. Repeated redox alternations lead

to a translocation of iron in various directions, and

Table 4 The concentrations of dissolved ions in column leaching solutions

Treatments pH Eh/(mv) EC/(lS cm-1) Parameter/(mg L-1)

Types Levels SO4
2- Fe Mn

Oxalic High 3.70 ± 0.16 345 ± 30 1339 ± 240 811.82 ± 378.11 0.072 ± 0.126 5.12 ± 1.53

Middle 3.76 ± 0.11 350 ± 32 1372 ± 353 774.18 ± 421.53 0.053 ± 0.105 5.09 ± 1.82

Low 3.87 ± 0.10 355 ± 42 1218 ± 127 749.73 ± 329.55 0.046 ± 0.084 4.24 ± 0.60

Tartaric High 3.65 ± 0.12 359 ± 17 1705 ± 436 795.62 ± 335.38 0.048 ± 0.090 5.32 ± 1.66

Middle 3.83 ± 0.14 369 ± 26 1413 ± 224 761.32 ± 296.92 0.045 ± 0.084 5.22 ± 2.06

Low 3.98 ± 0.25 371 ± 32 1279 ± 196 722.25 ± 362.68 0.042 ± 0.073 4.78 ± 1.37

Malic High 3.69 ± 0.13 309 ± 28 1346 ± 293 713.68 ± 314.63 0.045 ± 0.082 4.97 ± 1.86

Middle 3.72 ± 0.11 361 ± 27 1317 ± 164 698.36 ± 358.59 0.045 ± 0.084 4.73 ± 1.22

Low 3.85 ± 0.14 378 ± 40 1312 ± 121 685.84 ± 304.51 0.031 ± 0.056 4.27 ± 1.18

Citric High 3.62 ± 0.15 270 ± 37 1379 ± 195 736.06 ± 246.94 0.064 ± 0.119 4.97 ± 1.38

Middle 3.86 ± 0.12 339 ± 31 1360 ± 259 693.45 ± 310.37 0.037 ± 0.070 4.91 ± 1.59

Low 3.96 ± 0.15 354 ± 37 1342 ± 163 651.41 ± 256.30 0.028 ± 0.057 4.40 ± 1.63

FA High 4.82 ± 1.08 250 ± 26 3508 ± 1165 675.89 ± 291.60 0.125 ± 0.176 6.69 ± 1.01

Middle 4.89 ± 0.91 265 ± 20 2645 ± 157 653.91 ± 280.02 0.028 ± 0.054 5.91 ± 1.36

Low 4.97 ± 0.66 273 ± 19 2157 ± 481 606.03 ± 240.11 0.022 ± 0.039 4.44 ± 1.92

PNS a 5.97 ± 0.82 242 ± 25 2204 ± 454 638.81 ± 286.65 0.013 ± 0.025 3.99 ± 1.71

b 4.83 ± 0.54 270 ± 30 2151 ± 474 588.24 ± 310.28 0.022 ± 0.040 4.72 ± 2.29

Water 0 4.13 ± 0.23 286 ± 37 2196 ± 318 581.15 ± 361.13 0.046 ± 0.071 4.70 ± 2.01

Note Values meant mean ± SD; pH in pH units; EC electrical conductivity in lS cm-1 at 25 �C (n = 13)
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particularly increase the crystallinity of iron oxides (Kögel-

Knabner et al. 2010). But if the rocks exhaust their neu-

tralizing potential, the formation of metal organic com-

plexes inhibits the surface oxidation of the sulfide minerals

and reduces the removal of heavy metals into the solution

(Novikova and Gas’kova 2013).

3.2.2 Column leaching characteristics of Mn

The concentration curves of Mn in different concentrations

of OA are in Fig. 3. Except for the high concentration of

FA leachates, the concentration of total Mn in all leachates

gradually decreased and was stuck in a range between 3

and 9 mg L-1. In particular, the concentration of Mn

decreased more in the first 28 days. Similar to Fe, the

dissolution of Mn in the FA leachates (high concentration

elution) showed an upward trend after a decline of 49 days.

Compared to LMWOAs, it seemed that the FA had a

stronger ability to enhance the release of Mn (high and

middle elution). But in the low concentration of OA

(0.5 mmol L-1), there was no significant difference

between the FA and LMWOAs, and the dissolution of Mn

in FA was even lower than those in LMWOAs in the last

21 days.

In conclusion, the high and the middle concentrations of

OA dissolve more of the ions Fe and Mn than the low

concentrations of OA. When the concentration of OA rise

to 25 mmol L-1, the concentrations of Fe and Mn are on

average 2.43 and 1.22 times as high as that in the

0.5 mmol L-1 OA, respectively. The ion Mn can be dis-

solved from the gangue more easily than ion Fe in the

column leaching.

3.3 The concentrations of Fe and Mn in batch

leaching

The result of batch leaching is shown in Table 5. We found

that the concentrations of Fe and Mn in the batch leaching

solutions with low concentration treatments (0.5 mmol L-1)

and deionized water were lower than those in the surface

waters (Table 3), but the concentration of Fe in the high and

middle concentration treatments (25, and 5 mmol L-1) were

far higher than those in surface water. The concentration of

Mn was also very close to the level of affected waters in the

pile. When the concentration of OA rose to 25 mmol L-1,

the concentrations of SO4
2-, Fe and Mn were 1.07–1.31,

9.82–67.08 and 1.92–2.32 times as high as that in the

0.5 mmol L-1 OA, respectively.

3.3.1 Batch leaching characteristics of Fe

Different OA were also used to soak the weathering coal

gangue, and the results of Fe are shown in Fig. 4. From the

figure we can see that the dissolution of Fe in the low

concentrations of OA obviously decrease in comparison to

that in the high and middle concentrations of OA. The

lower concentrations of OA of the soak are the solutions

where fewer dissolutions of Fe would be. The

Fig. 2 Time-dependent

patterns of concentration curves

of Fe in OA elution leachates

from weathering coal gangue;

depicted values are means of 2

replicates with RSD lower than

10 % (not shown)
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concentration curves of Fe imply that their release is

strongly affected by citric and oxalic (Vaněk et al. 2012),

especially in the high and middle concentrations of OA; the

highest concentration of Fe is found in high concentrations

of citric leachates (up to 20.31 mg L-1), followed by

oxalic (up to 20.15 mg L-1). It must be highlighted that,

considering the Fe trends, a gradual increase is observed in

the FA solutions, especially in the low and middle

Fig. 3 Time-dependent

patterns of concentration curves

of Mn in OA elution leachates

from weathering coal gangue;

depicted values are means of 2

replicates with RSD lower than

10 % (not shown)

Table 5 The concentrations of dissolved ions in batch leaching solutions

Treatments pH Eh/(mv) EC/(lS cm-1) Parameter/(mg L-1)

Types Levels SO4
2- Fe Mn

Oxalic High 2.54 ± 0.19 127 ± 19 2789 ± 473 732.37 ± 132.36 18.58 ± 2.40 5.62 ± 1.39

Middle 3.30 ± 0.25 246 ± 44 1241 ± 47 711.03 ± 57.74 14.50 ± 1.64 5.32 ± 0.84

Low 3.91 ± 0.15 299 ± 31 1035 ± 385 684.06 ± 60.19 0.28 ± 0.27 2.92 ± 0.67

Tartaric High 2.52 ± 0.11 249 ± 45 2545 ± 341 747.98 ± 153.63 17.30 ± 1.26 7.11 ± 1.75

Middle 3.24 ± 0.22 273 ± 32 1298 ± 206 737.36 ± 83.32 9.43 ± 0.99 4.84 ± 1.40

Low 3.54 ± 0.09 325 ± 39 933 ± 212 641.97 ± 122.94 0.65 ± 0.55 3.13 ± 0.97

Malic High 3.05 ± 0.45 271 ± 23 1912 ± 272 772.67 ± 103.94 16.79 ± 0.75 7.13 ± 1.81

Middle 3.26 ± 0.19 318 ± 25 1127 ± 253 642.11 ± 48.52 4.52 ± 2.80 3.23 ± 1.57

Low 3.60 ± 0.14 331 ± 49 939 ± 134 589.70 ± 42.67 0.44 ± 0.45 3.22 ± 0.93

Citric High 2.85 ± 0.20 179 ± 27 2201 ± 283 657.96 ± 75.51 19.08 ± 1.18 6.60 ± 1.22

Middle 3.28 ± 0.26 227 ± 30 1163 ± 107 607.68 ± 90.88 15.62 ± 0.46 4.86 ± 1.08

Low 3.58 ± 0.15 330 ± 47 1022 ± 202 544.44 ± 94.48 0.97 ± 1.53 3.17 ± 0.79

FA High 3.83 ± 0.13 97 ± 37 8388 ± 963 773.38 ± 190.11 15.47 ± 1.27 9.44 ± 0.87

Middle 4.99 ± 0.99 110 ± 78 2930 ± 475 712.16 ± 187.10 10.05 ± 2.02 6.32 ± 1.29

Low 5.21 ± 0.27 280 ± 17 1245 ± 247 651.96 ± 148.07 1.58 ± 0.68 4.08 ± 0.68

PNS a 4.37 ± 0.16 291 ± 20 1141 ± 270 420.98 ± 34.25 0.41 ± 0.13 3.84 ± 0.94

b 4.49 ± 0.48 286 ± 21 1129 ± 231 518.58 ± 65.98 0.97 ± 0.59 3.41 ± 0.78

Water 0 3.80 ± 0.12 345 ± 66 961 ± 402 452.40 ± 137.72 0.10 ± 0.16 2.58 ± 0.97

Note Values meant mean ± SD; pH in pH units; EC electrical conductivity in lS cm-1 at 25 �C (n = 5)
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concentrations of OA. In contrast, the efficiency of PNS in

extracting Fe is negligible (1.85 mg L-1 in maximum) and

leads to the lowest leachability compared to water (Fig. 4).

These findings can be interpreted by the formation of Fe

complexes with citric and oxalic (log KFe(III)-citric = 13.1;

log KFe(III)-oxalic = 7.5, Vaněk et al. 2012), which enhances

Fe solubilization.

3.3.2 Batch leaching characteristics of Mn

The concentration curves of Mn in different concentrations

of batch leachates are shown in Fig. 5. The dissolution of

Mn in the 3 concentration levels shows the same trends as

Fe. The lower concentration group of the soak solution is

where fewer dissolutions of Mn would be. But the gap

between the 3 concentrations in the dissolution of Mn is

smaller than those of Fe. The maximum concentration

of Mn is detected in FA leachates, reaching 10.30 mg L-1.

In general, the reducing order of Mn is FA (6.61 mg L-1),

to tartaric (5.03 mg L-1), citric (4.88 mg L-1), oxalic

(4.62 mg L-1), malic acid (4.53 mg L-1), PNS (3.62 mg

L-1) to deionized water (2.58 mg L-1). The FA leachates

imply that the Mn concentration in the LMWOAs is higher

on average in the 3 concentration levels, as compared to Fe.

In conclusion, the higher concentrations of OA are the

where more dissolution of Fe and Mn would be. When the

concentration of OA rises to 25 mmol L-1, the concen-

trations of Fe, and Mn are on average 32.35 and 2.16 times

as high as they are in the 0.5 mmol L-1 OA, respectively.

Contrary to column leaching, it is clear that the ion Fe can

be dissolved from the gangue more easily than ion Mn in

the batch leaching.

3.4 Influence factors of the migration of Fe and Mn

The inter-individual correlations between the measured

values of leachates are summarized in Table 6, based on the

data from Tables 4 and 5. The correlation analysis

demonstrates that high positive/negative correlations

between the majorities of the measured values. For the

following pairs of values: Fe-EC, Fe-SO4
2-, Mn-EC and

Mn-SO4
2-, the correlation coefficients are positive corre-

lations. The surface oxidation of the sulfide minerals (pyr-

ite) in the coal refuse pile is the main reason for the ion

exchange from the solid matrix (Changyuan et al. 2009; Pan

et al. 2009; Mastrocicco et al. 2011). That might be the

reason that Fe and Mn strongly correlated to SO4
2- and EC.

3.4.1 Influence of pH on Fe and Mn

A significant negative correlation between Fe and pH

(r = -0.562, P \ 0.001) is found in Table 6, while a

significant negative correlation between Mn and pH

(r = -0.173, P = 0.314) is also found in that table. From

previous analysis, we found that the concentrations of Fe

and Mn increase with the increase of concentration of OA.

The stronger the acid concentration is, the higher the

acidity and the more functional groups there are (i.e. –

Fig. 4 Time-dependent

patterns of concentration curves

of Fe in OA soak leachates from

weathering coal gangue;

depicted values are means of 2

replicates with RSD lower than

10 % (not shown)
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COOH and –OH). The acidic functional group quantities of

FA are larger than that of humic acids (HA); the acidity is

higher than that of HA too. The FA is transported more

easily within the soil profile than HA and predominately

gives rise to the migration (eluviations) of compounds (i.e.

Fe) due to their –COOH and –OH functional groups (Egli

et al. 2010).

The ion Fe always exists in two common oxidation

states (Fe2? and Fe3?). The ion Mn exists in the form of a

bivalent in water solution, while trivalent and quadrivalent

Mn exist in the forms of oxide and hydroxide in the solid

phase. The pH ranges of precipitating bivalent Fe and Mn

are 6.5–9.7 and 7.8–8.8, respectively, and the pH range of

precipitating the trivalent Fe is 1.5–4.1 (Xiangfei 2015).

The pH ranges from the column and batch leaching results

are 3.62–5.97 and 2.54–5.21, respectively (Tables 4 and 5),

so it seems that the influence of the 3 concentrations of OA

(Relate to pH) on Fe is stronger than that of Mn, which

leads to the fact that the concentration of Fe is lower in FA

than that in LMWOAs generally. But it is contrary to the

fact that the Mn for the pH value of FA (5.64–6.57) before

leaching is higher than that of LMWOAs (1.73–3.64)

(Table 1). It can be concluded that the influence of pH on

Fe is stronger than that on Mn.

Citric is a tribasic acid, but oxalic, tartaric and malic

acid are all dicarboxylic acids. The pH range of oxalic

before leaching is 1.73–3.45 (Table 1), while the pH ranges

of citric, tartaric, and malic acid is 2.34–3.75. In different

concentrations of OA and treatments (elution or soak), the

dissolving ability of OA are different, and it is difficult to

give an exact sequence of Fe and Mn released by the OA.

The previous studies have shown that the trends of metals

released by the OA differ greatly in different situations

(Alin et al. 1997; Caiying et al. 2004; Yunlong et al. 2008;

Hailin and Bohan 2010; Guoyong et al. 2014). When the

concentration of OA rise from 0.5 to 25 mmol L-1, the

Fig. 5 Time-dependent

patterns of concentration curves

of Mn in OA soak leachates

from weathering coal gangue;

depicted values are mean of 2

replicates with RSD lower than

10 % (not shown)

Table 6 Pearson Product Moment Correlation Coefficients for lea-

chates in column and batch leaching (n = 36)

Parameters Fe Mn PH Eh EC SO4
2-

Fe

r 1 0.609 -0.562 -0.716 0.438 0.262

P \0.001 \0.001 \0.001 0.008 0.123

Mn

r 1 -0.173 -0.598 0.799 0.575

P 0.314 \0.001 \0.001 \0.001

pH

r 1 -0.011 0.004 -0.306

P 0.948 0.980 0.070

Eh

r 1 -0.661 -0.065

P \0.001 0.705

EC

r 1 0.310

P 0.066
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concentration of Fe and Mn increase about 1.11–67.08

times in both leachings (Tables 4 and 5). Accordingly, it

can be concluded that the strongest effect of OA on Fe is

the oxalic acid, followed by citric, tartaric, and malic acid,

and the weakest effect of OA on Fe is the FA; on the

contrary, the strongest effect of OA on Mn is the FA,

followed by the 4 LMWOAs.

3.4.2 Influence of Eh on Fe and Mn

Just as we have shown in Table 6, two significant negative

correlations of Eh with both Fe and Mn (r = -0.716,

P \ 0.001; r = -0.598, P \ 0.001, respectively) are

observed. Previous research has shown that the Fe2? is

precipitated by DOM under anaerobic conditions (Kögel-

Knabner et al. 2010). The amorphous Fe and Mn oxides

dissolve during flooding and anaerobiosis, and chemical

reduction removed with (NH4)2C2O4 effectively removed

about 88 % and 93 % of Fe and Mn, respectively. But,

oxidation of the sample with H2O2 removed considerably

less of the metallic oxides (Ololade et al. 2015). It was

clear that Fe and Mn were both closely related to Eh.

But on average, the Eh of leachates in batch leaching

(255mv) is lower than that in column leaching (319mv). In

batch leaching, the concentration of Fe released by the OA

average ranges from 0.28 to 18.58 mg L-1 (Table 5),

which reduces from 0.013 to 0.072 mg L-1 in all the 3

concentrations of OA (Table 4) in column leaching; this

phenomenon can also be found in Mn, but the decreased

range (2.50 % on average) is much smaller than Fe

(99.50 % on average). It can be suggested that the released

Fe and Mn in low valence transform to a higher oxidation

state in column leaching experiments, leading to the for-

mation of hydroxide precipitation more easily, and

absorption on the solid phase. To conclude, the influence of

Eh on Fe is stronger than that on Mn.

4 Discussions

As previously mentioned, the concentrations of Fe and Mn

released by deionized water are far lower than that in the

surface water collected from the field. But via elution and

soak, the concentrations of Fe and Mn released by OA are

so high that many of them are far higher than that in sur-

face water, especially in the high and middle concentration

of OA. That is to say the water with high concentration of

OA will significantly increase the risk of releasing Fe and

Mn. But Fe and Mn are essential plant nutrients, and pre-

vious studies have concluded that they can be absorbed by

and enriched in P. massoniana abundantly, particularly Mn

(Xi et al. 2004). In order to confirm that vegetative plants

(i.e. P. massoniana) in natural vegetation restoration will

enhance the release of Fe and Mn from the weathering coal

gangue, we performed a seepage water pot experiment (not

shown) using the P. massoniana (80–150 cm high), and the

results (Table 7) indicated that the dissolutions of Fe and

Mn in seepage water decrease significantly with the exis-

tence of P. massoniana.

In general, soil within the field environment can be

viewed as a complex of aerobic and anaerobic microenvi-

ronments. Some studies have shown that Fe and Mn were

significantly extracted by acidic solution (Yingqun et al.

2013; Zhuhong et al. 2008; Ololade et al. 2015). Organic

substances significantly affect the behaviors of some pol-

lutants in natural environments, such as trace metal spe-

ciation and toxicity, mineral growth and dissolution, the

solubilization and adsorption of hydrophobic pollutants, as

well as redox behavior in soils (Kang et al. 2002; Atalay

et al. 2009; Debela et al. 2010; Yanyu et al. 2011). But

depending on the dissociation properties and number of the

carboxylic groups, LMWOAs carry varying negative

charges, thereby allowing the complexation of metal

cations (Fe, Ca, K etc.) in soil solution, as well as their

release from soil (Jones and Darrah 1994). After root

exudation, LMWOAs enter the rhizosphere through

chelation and H?-promoted reactions, promoting the dis-

solution of soil phases and facilitating the uptake of dis-

solved elements into plants (Ettler et al. 2009; Kögel-

Knabner et al. 2010; Haibo et al. 2012; Lin and Teresa

et al. 2015). But there were also some other research

reporting that citric acids were able to induce the removal

of heavy metals from soil without increasing the leaching

risk (Clı́stenes Williams et al. 2006).

There are 50 families, 34 genus and 50 species ecesis in

the study area. As reported previously, plants would release

OA (e.g. citric acids), increasing the concentration of sol-

uble iron from oxides in soil and overcoming the status of

Table 7 Concentrations of Fe

and Mn in leachates form

weathering coal gangue with

and without P. massoniana

Parameter Treatments Average SD Median Minimum Maximum

Fe/(mg L-1) CK 4.96a 2.42 4.58 1.17 9.88

Masson Pine 0.71b 1.00 0.33 bd 5.68

Mn/(mg L-1) CK 3.88a 1.52 3.96 1.04 7.32

Masson Pine 1.61b 1.10 1.40 0.07 5.60

Note SD standard deviation, bd below detection limits; values with different letters differ significantly from

each same parameter (P \ 0.05)
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dissolution iron deficiency (López-Bucio et al. 2000; Jin-

feng et al. 2011). On a rainy day, flowing water full of

DOM will form in the upper-stream, and will then run

through the whole coal refuses pile. There are also many

low concentration OAs dissolving from the rhizosphere of

the pile internal. This will increase the risk of releasing Fe

and Mn, too.

Since the plants will absorb the dissolved elements, and

the concentration of OA in the rhizosphere was low enough

(i.e. 0.025–1 mmol L-1, Fox et al. 1990; Tani et al. 1995;

Alin et al. 1997; Yongzhen et al. 2005), it can be inferred

that the root exudates (i.e. LMWOAs) of vegetation

restoration will not increase the risk of releasing Fe and Mn

from the weathering coal gangue. But more research is

needed to gain more insight in the composition, concen-

tration and behavior of OA under the condition of the plant

growth, in order to improve the prediction of metal

leaching in the field.

5 Conclusions

The purpose of this study is to estimate the effects of

organic acids on the dissolution of Fe and Mn from the

weathering coal gangue. The conclusions are as follows:

(1) The research results of the surface water around the

research area show that the pH values range from

3.11, with the low tide, to 6.99, with the high tide.

The concentrations of Fe and Mn in the water

obtained from edge of the pile are 61.38 % and

56.08 % of those in the water obtained from center

of the pile, respectively. High concentrations of Fe

and Mn are on average 10.86 and 34.33 times the

limit of the Surface Water Quality Standards,

respectively.

(2) The low molecular weight organic acids (LMWOAs)

and fulvic acids significantly increase the dissolution

of Fe and Mn from the weathering coal gangue via

the strong complexation of organic acids (OA).

When the OA concentration rise to 25 mmol L-1,

the concentrations of Fe and Mn are 1.14–67.08, and

1.11–2.32 times as high as that of in the

0.5 mmol L-1 OA, respectively. The strongest effect

of OA on Fe is oxalic acid, followed by citric,

tartaric, and malic acid, and the weakest effect is the

FA; conversely, the strongest effect of OA for Mn is

the FA, followed by the 4 LMWOAs. The role of the

pine needle soaks in the total process of Fe and Mn

mobilization seems to be of less importance.

(3) The migration of Fe and Mn, especially Fe, is

significantly influenced by pH and Eh. The ion Mn

can be dissolved from the gangue more easily than

ion Fe in column leaching, which is contrary to the

batch leaching; the concentration of Fe in column

leaching decreases on average 99.50 % of that in

batch leaching, while the concentration of Mn in

column leaching decreases 2.50 % of that in batch

leaching.

(4) Since the plants will uptake the dissolved elements,

and the concentration of OA in the rhizosphere was

low enough (i.e. 0.025–1 mmol L-1), it can be

inferred that the root exudates (i.e. LMWOAs) of

vegetation restoration will not increase the risk of Fe

and Mn releasing from the weathering coal gangue.
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