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Abstract: This study describes the preparation of a low-cost adsorbent (hybrid coal 15 

gangue–polyacrylamide (HCGPAM)) based on activated coal gangue and acrylamide, 16 

and explores the effects of using it to remove Cu2+ and Pb2+ from wastewater. It 17 

investigated factors such as the impact of the initial concentrations of Pb2+ and Cu2+, 18 

adsorption time and temperature, and solution pH. The HCGPAM was fully 19 

characterized using Fourier transform infrared spectrometry, scanning electron 20 

microscopy, X-ray diffraction, and atomic absorption spectrometry (AAS), and the 21 

Pb2+ and Cu2+ concentrations were measured using graphite furnace AAS. The 22 

adsorption performance experiment was conducted at 25 ℃ with initial Pb2+ and Cu2+ 23 

concentrations of 100 ug⋅ml-1, an adsorbent dosage of 0.350 g, and an adsorption time 24 

of 30 min. The pH values of the Pb2+ and Cu2+ solutions were 5 and 4, respectively. 25 

When the adsorption effect was at an optimum, the Pb2+ and Cu2+ attained adsorption 26 

rates of 59.05% and 80.6%, respectively. The HCGPAM can be used to treat polluted 27 

sewage and therefore has favorable prospects for commercial application. 28 

 29 
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Highlights 30 

 Hybrid coal gangue-polyacrylamide (HCGPAM) adsorbs Pb2+ and Cu2+ very 31 

effectively 32 

 At its optimum, HCGPAM adsorbed 59.05% and 80.6% of Pb2+ and Cu2+, 33 

respectively 34 

 HCGPAM has a high potential for commercial application 35 

 36 

Keywords: hybrid adsorbent; coal gangue; acrylamide; graphite furnace atomic 37 

absorption spectroscopy38 
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1 INTRODUCTION 39 

As global industrial activity increases rapidly, heavy metal pollution in aquatic 40 

environments is a serious concern for environmentalists due to the high toxicity and 41 

persistence of the pollutants. Heavy metal ions cannot be broken down to yield 42 

non-toxic species in the natural environment. Pb2+ and Cu2+ are commonly used in 43 

many industrial activities and two of the most toxic heavy metal ions found in water 44 

sources (Imasuen and Egai, 2013). 45 

To date, techniques such as adsorption, flocculation, coagulation, membrane 46 

filtration, electrochemical operations, solvent extraction, and biosorption have been 47 

studied to effectively eliminate hazardous heavy metals from aqueous solution 48 

(Roosta et al., 2014; Jamshidi et al., 2015a; Jamshidi et al., 2015b). Some of these 49 

methods are costly and inefficient for use as ways to control heavy metal ion levels in 50 

wastewater. The primary disadvantage of the adsorption process is the high cost of the 51 

adsorbent, which increases the price of the wastewater treatment (Pawar et al., 2016). 52 

Adsorption techniques have unique advantages over other methods due to their simple 53 

design, use of low-cost, non-toxic materials, and their high efficiency in removing 54 

pollutants at low concentrations. Furthermore, the use of naturally abundant materials 55 

as adsorbents offers treatment technology that is also environmentally friendly. 56 

 Coal gangue (CG), a by-product of coal mining or coal washing, has become 57 

the most prominent solid waste of the coal industry and is produced in increasing 58 

amounts every year with the expansion of the coal industry (Jabłońska et al., 2017; 59 

Guo et al., 2016). CG is rich in valuable minerals such as SiO2, Al2O3, Fe2O3, and 60 

CaO (Yang et al., 2012). However, it adversely affects the natural landscape and leads 61 

to disasters including landslides and debris flows. A more serious effect is of CG is 62 

catacausis, which releases poisonous gases that heavily pollute the environment. 63 

Despite these problems, CG may be a valuable entity as its high iron content makes it 64 

suitable for use as a polyaluminium ferric silicate (PSFA) flocculant. Some 65 

researchers have attempted to prepare inorganic flocculants based on CG (Zhou et al., 66 

2015, Chuncai et al., 2014; Cao et al., 2016; Wang et al., 2011). It was found that 67 

http://www.sciencedirect.com/science/article/pii/S0301479716310386#!
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calcination and subsequent alkali and acid leaching of the solid waste lead to a 68 

marked increase in its specific surface area, thus making it a potential raw material for 69 

organic-inorganic hybrid flocculants (Gao et al., 2015; Zhang et al., 2015). 70 

  In this study, a new CG–polyacrylamide (HCGPAM) adsorbent was 71 

synthesized by the in situ polymerization of an inorganic flocculant/AM (acrylamide) 72 

mixture. It was characterized by Fourier transform infrared spectrometry (FTIR), 73 

scanning electron microscopy (SEM), X-ray diffraction (XRD), and atomic absorption 74 

spectrometry (AAS). It has been used as a flocculant for oilfield drilling wastewater 75 

(Quan and Wang, 2014), but has not been studied as an adsorbent to remove metal 76 

ions from wastewater. HCGPAM can effectively adsorb Pb2+ and Cu2+ from 77 

wastewater and hence can be applied to treating sewage including Pb2+ and Cu2+; 78 

this has favorable market prospects. This study used graphite furnace atomic 79 

absorption spectrometry to explore the effects of utilizing HCGPAM as an adsorbent 80 

to remove Cu2+ and Pb2+ from wastewater (Glatstein and Francisca, 2015; Huang et 81 

al., 2015; Liu et al., 2014). 82 

2 MATERIALS AND METHODS 83 

2.1 Materials 84 

   The CG used in this study was obtained from a coal mine (Yanzhou mining bureau, 85 

China), and it was composed of 26.58% SiO2, 5.35% Al2O3, 14.38% Fe2O3, 3.56% 86 

CaO, and 1.26% MgO. Polyacrylamide (PAM) was purchased from a water treatment 87 

plant (Henan Gongyi, China). All the chemical reagents were of analytical grade and 88 

supplied by Shanghai Chemistry Reagent Co. KBr was of spectrum pure reagent and 89 

supplied by Aladdin Reagent Co. Ltd. Standard Pb2+ and Cu2+ solutions (1000 g/mL) 90 

were supplied by the State Center for Standard Matter. Water distilled using a 91 

Quartz Second Boiling High Pure Water Distiller was used to prepare all the solutions.  92 

An AA-6800 atomic absorption spectrometer (Shimadzu, Japan), IRTracer-100 93 

FTIR spectrometer (Shimadzu, Japan), a JSM-6700F scanning electron microscope 94 

(Japan Electronics), an INCA Energy X-ray  diffractometer (Oxford instruments, 95 

United Kingdom), a TP213 electronic scale (Sartorius), a pHS-3C pH acidity meter 96 

http://www.sciencedirect.com/science/article/pii/S0169131715301113#!
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(Kangyi Corporation, Shanghai, China), and a 101 vacuum drying oven (Xianke 97 

Corporation, Longkou, China) were used in the experiments. 98 

2.2 Methods 99 

2.2.1 Preparation of HCGPAM 100 

  The CG was crushed into powder and sieved through a 100-mesh screen; the 101 

particles used in the experiment were smaller than 150 μm. Then it was calcined in a 102 

muffle furnace at 750 ℃ for 2 h. After cooling to 25 °C, the CG was subjected to 103 

alkali leaching with 15% NaOH and acid leaching with 15% HCl at 100 ℃ and 5 104 

MPa, and finally dried at 100 ℃. 105 

Then 8 g of acrylamide (AM) and 90 ml of distilled water were added to a 250 106 

ml polymerization bottle. After this, 3 g of modified CG powder was added to the 107 

solution, which was stirred for 30 min. The solution was vacuumized and purged with 108 

N2 three times to completely remove oxygen, and then different amounts of the 109 

initiator (NH4)2Ce (NO3)6 were slowly injected into the polymerization bottle. The 110 

bottle was kept in a thermostated water bath at 70 ℃ ( 0.5℃) for 6 h. The solution in 111 

the polymerization bottle was transferred to a 250 ml beaker, precipitated with 112 

acetone, and kept immersed in acetone for 12 h. It was finally dried in a vacuum oven 113 

at 35 ℃ for 24 h. 114 

2.2.2 Preparation of Pb2+ and Cu2+ stock solution  115 

Accurate measurements of 3.3000 g lead nitrate and 6.0000 g copper nitrate were 116 

taken and then 100 mL of 3 M nitric acid solution was added to dissolve these salts. 117 

The solution was then diluted to 1000 mL with distilled water. 118 

2.2.3 Preparation of the standard curve  119 

Standard Pb2+ and Cu2+ standard solutions (100 g.ml-1) in 0.0, 0.20, 0.40 0.60, 120 
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0.80, and 1.00 mL quantities were transferred to 10 mL volumetric flasks and diluted 121 

with 0.3 M HNO3 solution to prepare 0, 2, 4, 6, 8,10 g mL-1 solutions, respectively. 122 

The absorbance of the Pb2+ and Cu2+ standard solutions was measured using graphite 123 

furnace atomic absorption spectrometry. The standard curve with absorbance as the 124 

ordinate and the concentration as the abscissa was drawn to obtain the linear 125 

regression equations below: 126 

A=0.0908C+0.0087, R2=0.9996 (Pb2+)    (1) 127 

A=0.0576C-0.0032, R2=0.9994 (Cu2+)      (2)    128 

2.2.4 Absorption experiments on Pb2+ and Cu2+  129 

Then 200 mL of 100 g mL-1 Pb2+ or Cu2+ solution was pipetted into a 500 mL 130 

beaker, after which 0.400 g HCGPAM was added. The pH of the Pb2+ and Cu2+ 131 

solutions was adjusted to 5 and 4 and the solutions were then stirred for 30 min at 132 

25 °C. The solution was centrifuged at the rate of 3500 rpm for 20 min, before 1.00 133 

mL of the supernatant was transferred to a 100 mL volumetric flask and diluted with 134 

0.3 M HNO3 to the mark. The absorbance was measured for different concentrations 135 

of Pb2+ and Cu2+ with distilled water as blank. The absorption rate η (%) was 136 

calculated according to formula (3) below: 137 

%100
Cη

0

0 



C

Ce   (3) 138 

where C0 is the concentration of Pb2+ or Cu2+ (g mL-1) before absorption and Ce is 139 

the concentration of Pb2+ or Cu2+ (g mL-1) after absorption. 140 

2.2.5 Langmuir isotherms 141 

Different concentrations of Pb2+ and Cu2+ solution 100 mL were transferred to a 142 

beaker and 1.0 g HCGPAM was added. The temperature of the water bath was 143 

adjusted to 23 °C. After adsorption for 2 h under constant stirring, the equilibrium 144 

concentrations of Pb2+ and Cu2+ were measured. The Langmuir isotherm equation 145 

(Formula 4) used for fitting the isothermal adsorption is as follows (He et al., 2013):  146 

max

eq

maxL

eq

Q

C
+

QK
=

Q

C 1

     

(4) 147 

where Ceq is the adsorption equilibrium concentration (mol/L), Q is the equilibrium 148 
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adsorption quantity (mg/g), Qmax is the maximum equilibrium adsorption quantity 149 

(mg/g), and KL is the adsorption equilibrium constant. 150 

3 RESULTS AND DISCUSSION 151 

3.1 FTIR, XRD, and SEM analyses 152 

3.1.1 FTIR analysis 153 

The FTIR spectra of HCGPAM adsorbent is illustrated in  Figure 1. The 154 

absorption peaks at 3400 cm−1 and 3200 cm−1
 attributing to N–H stretching bands and 155 

identified the presence of the free and aggregated –NH2 bonds. The peak at 1650 cm-1 156 

is assigned to N–H stretching vibration. The band at 800–1200 cm-1 is due to Si–O 157 

stretching vibrations and the peaks at 700 and 560 cm−1 are  assigned to the bending 158 

vibrations of Si-O and Al-O. The peaks at 1140 cm−1 and 3000 cm−1 are assigned to 159 

C–O  and C–H stretching vibrations, respectively. The band at 1400 cm−1 is 160 

attributed to the C–N stretching vibration, and the band at 1700 cm−1 is due to C=O 161 

stretching vibrations.  162 

 163 

Fig. 1 FTIR spectrum of hybrid coal gangue–polyacrylamide 164 

3.1.2 XRD analysis 165 

The XRD patterns of the modified CG and HCGPAM are presented in Fig. 2 . 166 

Quartz patterns can be located at 20.82 ,21.34(2 theta) in Fig. 2(a). It can be 167 

observed that the major mineralogical composition of the modified CG is quartz.This 168 

can be attributed to the reactions of the components (SiO2, Al2O3, Fe2O3, CaO, and 169 

MgO) of CG with the acid and alkali used for leaching, which increased the relative 170 

amount and porosity of quartz remarkably(Quan and Wang, 2014). The diffraction 171 
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peaks according to Fig. 2(b) shows the presence of quartz and PAM. It reveals that the 172 

characteristic peaks caused by quartz decrease in intensity or disappear in the 173 

modified CG, whereas the characteristic peaks of PAM become more prominent. From 174 

the XRD patterns, it can be seen that PAM has entered the interlayer spacing of the 175 

CG.  176 

  

(a) Modified coal gangue (b)  Hybrid coal gangue–polyacrylamide 

Figure 2 XRD patterns of the samples 177 

3.1.3 SEM analysis 178 

The morphologies of the modified CG and HCGPAM were observed using SEM, 179 

and the results are presented in Fig. 3. HCGPAM has a surface morphology very 180 

different than that of the modified CG. The surface of HCGPAM resembles a 181 

cauliflower head, with a series of pleated ditches of different widths and depths, so 182 

that a coarser surface and larger specific surface areas than those of the modified CG 183 

are obtained.  184 
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(a) Modified coal gangue 
(b)   Hybrid coal gangue–polyacrylamide 

Figure 3 SEM images                                   185 

3.2 Effect of adsorption conditions on adsorption properties of HCGPAM 186 

3.2.1 Initial concentration of Pb2+ and Cu2+ 187 

Pb2+ and Cu2+ solution (200 ml) with concentrations of 50, 100, 150, 200, 250, 188 

300 g.ml-1 were prepared. and HCGPAM (0.3500 g) was added, stirred, and allowed 189 

to adsorb for 30 min at 25 ℃. The pH value of the solution was adjusted to 5 (Pb2+) 190 

and 4 (Cu2+). The absorption solution was centrifuged at 3500 rpm for 20 min; then 191 

1.00 ml liquid supernatant was transferred into 100 ml volumetric flasks and diluted 192 

with 0.3 M HNO3 to the mark. The absorbency was measured based on the different 193 

concentrations of Pb2+ and Cu2+. Using formulas (1) and (2), the absorption rate (η, %) 194 

was calculated and the influence curve of the initial concentration of Pb2+ and Cu2+ 195 

were plotted with η as ordinate and the initial concentration of Pb2+ and Cu2+ as 196 

abscissa (Fig. 4).                   197 
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 198 

          Fig. 4 Influencing curve for initial concentration of Pb2+ and Cu2+ 199 

   From Fig. 4, it can be seen that the adsorption rate () increases as the Pb2+ and 200 

Cu2+ concentration increases from 50 to 100 g mL-, but decreases with a further 201 

increase in the initial concentrations of these ions. The adsorptive sites are saturated 202 

with the increase in the initial concentration of Pb2+ and Cu2 so that the adsorption 203 

process becomes more competitive. Therefore, when the initial concentration of the 204 

ions is higher than 100 g mL-1,  decreases. Thus, we concluded that 100 g.ml-1 is 205 

the optimal initial concentration according to the experimental results. 206 

3.2.2 Adsorbent dosage 207 

    Solutions of Pb2+ (100 g.ml-1) and Cu2+ (200 ml) were prepared and 0.250, 208 

0.300, 0.350, 0.400, 0.450, 0.500 g HCGPAM were added, stirred, and adsorbed for 209 

30 min at 25 ℃. The pH of the solutions were adjusted to 5 (Pb2+) and 4 (Cu2+), they 210 

were centrifuged at 3500 rpm for 20 min, and then 1.00 ml liquid supernatant was 211 

transferred into 100 ml volumetric flasks and diluted with 0.3 M HNO3 to the mark. 212 

Absorbency was measured based on different concentrations of Pb2+ and Cu2+. 213 

Formulas (1) and (2) were used to calculate absorption rate (η, %) and the 214 

influence curve of HCGPAM dosage with  as ordinate and the HCGPAM dosage as 215 

abscissa was plotted (Fig. 5). 216 

                       217 
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 218 

            Fig. 5  Influence Curve of Adsorbent Dosage of Pb2+, Cu2+  219 

From Fig. 5, it can be seen that the adsorption rate () of Pb2+ and Cu2+ rapidly 220 

increases from 0.25 g to 0.35 g as adsorbent dosage increases. However, with further 221 

increases in adsorbent dosage,  shows little change. This may be because the 222 

adsorption reaction reached absorption equilibrium. From the figure, it is clear that 223 

when the adsorbent dosage of Pb2+ and Cu2+ is 0.350 g, the best adsorption is 224 

achieved. 225 

3.2.3 Adsorption Time 226 

Solutions of 100 g.ml-1 Pb2+ and 200 ml Cu2 were prepared and 0.350 g 227 

HCGPAM were added. The solutions were stirred, and adsorption occurred for 10, 20, 228 

30, 40, and 50 min at 25 ℃. The pH of the solutions were adjusted to 5 (Pb2+) and 4 229 

(Cu2+), they were centrifuged at 3500 rpm for 20 min, and then 1.00 ml liquid 230 

supernatant was transferred into 100 ml volumetric flasks and diluted with 0.3 M 231 

HNO3 to the mark. Absorbency was measured based on different concentrations of 232 

Pb2+ and Cu2+. Formulas (1) and (2) were used to calculate absorption rate (η, %) and 233 

the influence curve of HCGPAM dosage with  as ordinate and the HCGPAM dosage 234 

as abscissa was plotted (Fig. 6). 235 
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 236 

            Fig. 6  Influence Curve of Adsorption Time of Pb2+, Cu2+  237 

From Fig. 6, it can be seen that the adsorption rate () increased rapidly beginning 238 

at 30 min. Afterwards, when  is declined slightly, it might have been due to 239 

the absorption process being an ionic exchange reaction; the adsorption reaction likely 240 

reached the absorption equilibrium rapidly. Therefore, when the adsorption time of 241 

Pb2+ Cu2+ is 30 min, the adsorption effect is the best. 242 

3.2.4 Adsorption Temperature 243 

Pb2+ and Cu2+ solution (solution (100 g.ml-1 and 200 ml, respectively) were 244 

prepared. HCGPAM (0.350 g) was added, stirred, and allowed to adsorb for 30 min at 245 

25, 30, 35, 40, and 45℃, and the pH values of the solutions were adjusted to 5 (Pb2+) 246 

and 4 (Cu2+). The absorption solution was centrifuged at 3500 rpm for 20 min, then 247 

1.00 ml liquid supernatant was transferred into 100 ml volumetric flasks and diluted 248 

with 0.3 M HNO3 to the mark before absorbency was measured based on the different 249 

concentrations of Pb2+, and Cu2+.; Formula (1) and (2) were used to calculate 250 

absorption rate (η, %). The influence curve of adsorption temperature was plotted 251 

with  as ordinate and the adsorption temperature as abscissa (Fig. 7). 252 
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 253 

   Fig. 7  Influence Curve of Adsorption Temperature of Pb2+, Cu2+  254 

From Fig. 7, it can be seen that the adsorption rate () of Pb2+ and Cu2+ shows a 255 

small change as adsorption temperature increases. When the adsorption temperature 256 

of Pb2+ and Cu2+ is 25 ℃, the best adsorption effect is achieved. 257 

3.2.5 Solution pH 258 

Solutions of 100 g.ml-1 Pb2+ and 200 ml Cu2 were prepared and 0.350 g HCGPAM 259 

were added. The solutions were stirred and allowed to adsorb for 30 min at 25 ℃, and 260 

the pH of the solution to was adjusted to 5 (Pb2+) and 4 (Cu2+). The absorption 261 

solution was centrifuged at 3500 rpm for 20 min before 1.00 ml liquid supernatant 262 

was transferred into 100 ml volumetric flasks and diluted with 0.3 M HNO3 to the 263 

mark and absorbency was measured based on different concentrations of Pb2+ and 264 

Cu2+. Formula (1) and (2) were used to calculate absorption rate (η, %). The 265 

influence curve of adsorption temperature was plotted with  as ordinate and the 266 

adsorption temperature as abscissa (Fig. 8). 267 

 268 
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 269 

                 270 

      Fig. 8 Influence curve of the pH of the Pb2+ and Cu2+ solution  271 

From Fig. 8, it can be seen that the adsorption rate () increased rapidly as pH 272 

increased from 2 to 5 (Pb2+) and from 2 to 4 (Cu2+). Subsequently,  showed a 273 

decreasing trend, but increased once again as pH exceeded 6 (Pb2+) and 5 (Cu2+). This 274 

may be because the product of the Pb2+ and Cu2+ solution began to precipitate. Thus, 275 

when the pH of Pb2+ and Cu2+ solution is 5 and 4, respectively, the best adsorption 276 

effect is achieved. 277 

3.3 Langmuir Isotherm Curves 278 

Figure 9 presents the Langmuir model fit for the adsorption of Pb2+ (Cu2+) onto 279 

HCGPAM at 23 ℃. The Langmuir isotherm parameters of HCGPAM are shown in 280 

Table 1. 281 
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 282 

Fig. 9 Langmuir model fitting for the adsorption of Pb2+ (Cu2+) onto hybrid coal 283 

gangue–polyacrylamide 284 

 285 

Table 1 The Langmuir isotherm parameters for hybrid coal gangue–polyacrylamide 286 

 Equation Qmax /mg/g KL R
2
 

Pb2+ Ceq/Q =1.0483*10
-6
+0.1138Ceq 8.79 1.0852*10

5
 0.95 

Cu2+ Ceq/Q=7.4398*10
-7
+0.0920Ceq 10.87 1.2365*10

5
 0.98 

Table 1 shows the degree of fitting of Pb2+ (Cu2+) is higher, indicating that the 287 

adsorption isotherm of HCGPAM to Pb2+ (Cu2+) is in line with the Langmuir 288 

equation. 289 

4 CONCLUSION 290 

The absorption effect is optimal at an initial Pb2+ and Cu2+ concentration of 100 291 

ug/ml and when the dosage of the adsorbent is 0.35 g, the adsorption time is 30 min, 292 

the temperature is 25 ℃ and the pH of the Pb2+ (Cu2+) solution is 5 (4). Under these 293 

conditions, the Pb2+ and Cu2+ attain adsorption rates of 59.05% and 80.6%, 294 

respectively. The coal gangue-polyacrylamide hybridization adsorbent is very 295 

effective for Pb2+ and Cu2+; therefore, it can be applied to treating sewage polluted 296 

with these elements, and market prospects for the commercial application of such a 297 

treatment is favorable. 298 
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Figures

Figure 1

FTIR spectrum of hybrid coal gangue–polyacrylamide

Figure 2

XRD patterns of the samples



Figure 3

SEM images

Figure 4

In�uencing curve for initial concentration of Pb2+ and Cu2+



Figure 5

In�uence Curve of Adsorbent Dosage of Pb2+, Cu2+

Figure 6

In�uence Curve of Adsorption Time of Pb2+, Cu2+



Figure 7

In�uence Curve of Adsorption Temperature of Pb2+, Cu2+

Figure 8

In�uence curve of the pH of the Pb2+ and Cu2+ solution



Figure 9

Langmuir model �tting for the adsorption of Pb2+ (Cu2+) onto hybrid coal gangue–polyacrylamide


