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Mix Ratio Optimization of Cemented Coal Gangue Backfill 
(CGB) Based on Response Surface Method

GUORUI FENG1,2,*, ZHEN LI1,2, YUXIA GUO1,2, JIACHEN WANG3, DIAN LI1,2, TINGYE QI1,2, GUOYAN LIU1,2, 
KAIGE SONG1,2 and LIXUN KANG1,2

1College of Mining Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China 
2Green mining engineering technology research center of Shanxi Province, Taiyuan 030024, Shanxi, China

3College of Resource and Safety Engineering, China University of Mining and Technology, Beijing 100083, China

ABSTRACT: Central composite design (CCD) experiments were performed to inves-
tigate the effect of cement content, fine gangue rate and water reducer content on the 
rheological properties of fresh cemented coal gangue backfill (CGB) and the compres-
sive strength of hardened slurry. The parameter of mixture proportion was optimized 
by Multi-criteria optimization analysis. The results show that the fresh CGB rheological 
property conforms to Bingham model, the yield stress of fresh slurry is influenced by the 
interaction of the three factors, and the plastic viscosity increases with cement content, 
fine gangue rate and water reducer content. The value of 28 days uniaxial compressive 
strength (UCS28) is proportional to cement content and water reducer content, while it is 
inversely proportional to fine gangue rate. The overall satisfaction of slurry rises signifi-
cantly with the increase of water reducer content. However, it increases firstly and then 
decreases with the increase of cement content and fine gangue rate, and reaches a 
maximum at cement content of 210 kg/m3 and fine gangue rate of 40%. The developed 
design method can provide scientific reference to reduce the accumulation of waste 
residues.

1.  INTRODUCTION

COAL, as an important fossil energy in the world, 
accounts for 30% of global primary energy con-

sumption. However, coal mining has resulted in many 
problems, such as surface subsidence, solid waste 
accumulation, water contamination and gas leakage 
[1,2]. Coal gangue backfill (CGB) not only solves the 
problems of ground gangue accumulation and fly ash 
pollution, but also effectively obviates surface subsid-
ence and the induced gas leakage. In recent years, paste 
filling mining technology has been greatly popularized 
and broadly applied as a new green coal mining tech-
nology [3,4].

Previous studies on CGB have gained substantial 
achievements. According to Miao, Yang and Qi each 
component (i.e. cement, milled gangues, fly ash and 
water reducer) of CGB plays a significant role in its 
rheological and mechanical performance (i.e., trans-
portation, placement, strength and stability) [5,6,7]. In 
the work of Chang et al., the ratio of paste filling mate-

rial was regarded as the core problem of paste filling 
technology, and artificial neural network method was 
adopted to predict and evaluate the ratio of filling ma-
terial [8]. The pozzolanic effect of fly ash was found 
to probably improve the performance in CGB strength 
to certain extent by Feng [9]. Furthermore, it was con-
cluded that the flow ability of fresh filling material is 
greatly enhanced by increasing the content of milled 
fly ash [10]. Zheng et al. stated that high content of 
fine gangue may enhance the slump and pumpability of 
the paste [11]. Qi studied the influences of fine gangue 
content on the strength, resistivity and microscopic 
properties of CGB for coal mining [12]. Wu studied 
the transportability and pressure drop of backfill slurry 
composed of freshly cemented coal gangue-fly ash in 
pipe loop [13].

However, the influences of raw material contents on 
coal mine CGB rheological and compressive strength 
properties, as well as the quantitative relationship be-
tween them, are still not well understood currently. 
Actually the optimization of coal mine CGB mixture 
ratio today is still based primarily on traditional ex-
perimental methods. This approach requires a large 
number of trial experiments to determine the desired *Author to whom correspondence should be addressed.  
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concentrations of the CGB components. Meanwhile 
the mainly researches [12,14,15,16] performed on 
the optimization of CGB properties were only experi-
mental and rarely taking all factors into consideration. 
Therefore a scientific mix proportioning method which 
can minimize the number of trial mixes and provides 
the quantitative relationship between CGB properties 
and raw materials are needed urgently. In the present 
study, the influences on CGB working properties are 
investigated by taking the cement content, fine gangue 
rate and water reducer content into consideration by 
using central composite experiment method (CCD). 
Meanwhile, a responsive surface (RS) regression mod-
el of yield stress, plastic viscosity and CGB strength 
is established to predict the CGB performance under 
various conditions. Lastly, multi-criteria optimization 
of CGB based on satisfaction function method are per-
formed to provide useful reference for the prediction of 
CGB materials in coal mine.

2.  MATERIALS AND METHODS

2.1.  Materials

The raw materials used in the present study included 
coal gangue, fly ash, cement, water and water reducer.

2.1.1.  Coal Gangue

The coal gangue samples were collected from Xin-
yang coal mine, which is located in Shanxi Province 
of China. Without dehydration and drying process, the 
samples were crushed mechanically and then catego-
rized into two groups according to particle size, fine ag-
gregate (0~5 mm) and coarse aggregate (10~15 mm). 
In present study both the fine and coarse gangue are 
selected as gangue materials. Meanwhile fine gangue 
rate means the percentage content of fine gangue in all 
gangue materials. The fineness modulus μ of the fine 
gangue (0–5 mm) was 3.02. Relative physical prop-
erties of the gangue samples are lists in Table 1. The 
chemical composition of the gangue samples was de-
termined by A Thermo Fisher Scientific Thermo iCAP 
6300 inductively coupled plasma optical emission 
spectrometer (ICP-OES) (Table 1).

It should be noted that in the measurement of SiO2 
percentage, samples were first burned at 800°C to re-
move organic matter and then measured in NaOH solu-
tion at 650°C. All the other oxides were measured from 
samples subject to sealed digestion in HF + HNO3 at 
185°C.

2.1.2.  Fly Ash

The fly ash samples obtained from power plant of 
Xinyang coal mine falls in the category of Class II fly 
ash. An ICP-OES was used to analyze the chemical 
composition (Table 1). The physical properties listed 
in Table1 were determined according to the Technical 
Specification for Fly Ash Used in Concrete and Mortar 
(JGJ28-86). 

2.1.3.  Cement and Water

Ordinary portland cement (Grade 42.5) with flexural 
strength of 6.5 MPa and compressive strength of 48.0 
MPa was used in the present study. Its physical prop-
erties and chemical composition are listed in Table 1 
(provided by the manufacturer). Tap water was used as 
the water source.

2.1.4.  Water Reducer

Highly effective poly carboxylic acid water reducer 
was used in the present study. The consumption of wa-
ter reducer is determined by the percentage content of 
cemented materials [17]. In this study the fly ash were 
regarded as cemented materials as well as cement due 
to the cementation effect of fly ash caused by pozzola-
nic reactions [9,16]. 

2.2.  Sample Preparation and Test method

2.2.1.  Sample Preparation

Introduced by Box and Wilson [18], the response 
surface method (RSM) provides a scientific method to 
discover the relationship (polynomial equations) be-

Table 1.  Chemical Components and Physical 
Properties of the CGB Materials.

Major Element Gangue (%) Fly Ash (%) Cement (%)

SiO2 35.46 52.42 22.27
Al2O3 16.11 32.48 5.59
Fe2O3 3.86 3.62 3.47
CaO 7.15 3.05 65.90
MgO 3.50 1.01 0.81
TiO2 0.80 1.26 –
Specific gravity (g/cm3) 2.0 2.2 3.1
Specific surface (m2/kg) 499 415 349
Fineness (> 45 µm), % 53.78 42.54 5
Moisture content, % 8.0 0.56 –
Lose on ignition, % – 3.8 2
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tween an output variable and the levels of a number 
of input variables. Base on response surface method 
(RSM) principles, the concrete three factors and their 
five levels of response surface analysis are listed in 
Table 2. In the present work all the test groups have a 
constant fly ash content of 380 kg/m3, and the control 

group (0 # group) contains no water reducer. All the 
solid content of the paste mixtures was 81% by weight. 
The content of cement ranges from 156.36 Kg/m3 to 
223.64 Kg/m3; the fine gangue rate is between 13.18% 
and 46.82%; and the content of poly carboxylic acid 
water reducer is in the range of 0.23–0.57%. 

During each test the raw materials were mixed ac-
cording to RS design and then mechanically stirred 
[Figure 1(a)]. Once well blended, the raw materials 
were tested for rheological properties [Figure 1(b)]. 
Then, the slurry was stirred again and poured into 10 × 
10 × 10 cm3 testing moulds. As suggested by Ren [16], 
the specimens were cured in a curing room (tempera-
ture: 20 ± 2°C, humidity: 80%) for 28 days. Figure 1(c) 
shows the cured CGB samples. After that, the com-
pressive tests were performed as shown in Figure 1(d).

Figure 1.  Preparation and testing of CGB samples: (a) mixing; (b) rheological test apparatus; (c) cured CGB samples; and (d) UCS tests.

Table 2.  Factors and Their Levels in  
Respond Surface Analysis.

Values Cement, Kg/m3 Fine Gangue, % Water Reducer, %

–1.682 156.36 13.18 0.23
–1 170 20 0.3
0 190 30 0.4
1 210 40 0.5
1.682 223.64 46.82 0.57
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2.2.2.  Rheological and Compressive Strength Test

The rheological properties of the fresh CGB sam-
ples, including yield stress and plastic viscosity, were 
tested by using a torque rheometer (ICAR RHM-3000) 
[19]. The rheometer allows for a maximum test sample 
size of 40 mm, which is much greater than the size of 
the samples prepared in the present study. The tests 
of CGB sample compressive strength after 28 days of 
curing (UCS28) were performed by using a computer 
controlled mechanical press with a load capacity of  
1000 kN and a force change speed of 6.75 kN/min ac-
cording to GB/T50080-2002.

3.  RESULTS AND DISCUSSION

3.1.  Experimental Results and Model Validation

Based on RSM design (Table 2), the experimental 
results are summarized in Table 3. Multivariate regres-
sion analysis [as shown in Equations (1)–(3)] on yield 
stress (Y1), plastic viscosity (Y2) and UCS28 (Y3) is 
performed based on the data from Table 3, where X1 
is cement content, X2 represents fine gangue rate and 
X3 denotes water reducer content. The main results of 
variance analysis of above regression model are sum-
marized in Tables 4. In variance analysis the interac-
tion item P value is used to determine whether there 
is a significance effect of variables. If p ≤ 0.05 there 
is a significant effect on y; P ≤ 0.01, there is a quite 
significant effect on y; P > 0.05, it means there is no 
significant effect on y.

Yield stress:

Y X X
X X

1 1 2

3

1938 57321 15 93198 17 32805
1234 42384 0 090250

= − − +
+

. . .
. . 11 2 1 3

2 3 1
2

2
2

3 48750

0 875 0 039593 0 025789

1129 80

X X X

X X X X

−

− + +

+

.

. . .

. 5599 3
2X




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
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
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
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Plastic viscosity:

Y X X
X

2 1 2

3

0 13548 0 18426
39 88511 37 01671
= + +

−








. .
. .

UCS28:

Y X X
X

3 1 2

3

0 050619 0 016908
6 22826 3 19611

= − +
−









. .
. .

As illustrated in Equation (1) and Table 4, The yield 
stress (Y1) regression model conforms to the a second-
order response surface. The factors that significantly 
influence the yield stress of the CGB are water reducer 
and fine gangue rate. The interactions between cement 
content and fine gangue rate also play a quite signifi-
cant role on the yield stress of fresh CGB (P < 0.01). 
The quadratic terms X1

2  and X3
2  are also statistically 

significant (P < 0.05).
The plastic viscosity (Y2) and the UCS28 (Y3) are cal-

culated by first-order equations, as expressed in Equa-
tions (2) and (3). The cement, fine gangue rate and wa-
ter reducer are both have quite significantly influence 
on plastic viscosity (P < 0.01). Table 4 also listed the 
results of variance analysis on UCS28 by regression 
model. All the P values of X1, X2 and X3 are smaller 
than 0.01, indicating that all the factors have quite 
significantly influence on UCS28. The interactions be-
tween each factor are not significant (P > 0.05). 

In present study the P values of each model were 
less than 0.0001, indicating that the regression model 
results are rather significant. Meanwhile the P values 
of “lack of fit” items are greater than 0.05, which indi-
cates that every regression model is correct [20,21,22]. 

To verify the validity of the developed models, the 
model predictions results were compared with experi-
mental tests data. Figure 2 listed the experimental ver-
ification of the accuracy of the models. As is shown 
there is a good agreement between model predictions 
and experimental values. The distribution of the scat-
tered points approximately follows the straight line of  
y = x, which indicates that the model fits very well.

3.2.  Influence of Response Surface Parameters on 
Transport Characteristics 

Figure 3 shows the relationship between torque and 
speed, the values of which are obtained by rheometer 
(ICAR RHM-3000). The figure indicates there is a lin-
early increasing relationship between shear force and 
the shear rate of fresh CGB. The slurry flow behavior 
index has a value of n = 1. As is shown in Figure 3, 
the intercept of Y-axis gives the slurry yield stress and 
the slope of the line indicates the plastic viscosity. It is 
evident that the slurry flow falls in a non-Newtonian 
fluid Bingham model [16,21].When water reducer is 
increased by 0.4% from 0 # to 2 #, the yield stress 
decreases by 25% and the plastic viscosity increases 
by about 100%. The reasons can be explained as fol-
lows. On the one hand, the water reducer molecules are 
adsorbed on the surface of cement particles, which is 

(1)

(2)

(3)
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Table 3.  Results of RS Experiment.

No
Cement (X1) 

Kg/m3
Fine Gangue (X2), 

%
Water Reducer (X3), 

%
Yield Stress (Y1), 

Pa
Plastic Viscosity (Y2), 

Pa·s
UCS28 (Y3),  

MPa

0 190 30 0 540.7 5.4 6.32
1 210 20 0.3 413.4 4.9 9.1
2 190 30 0.4 400 10.8 8.44
3 170 20 0.5 381.2 8.7 8.42
4 210 40 0.5 387.5 18.4 9.8
5 190 30 0.4 408.9 10.4 8.11
6 190 30 0.23 427.8 3.32 7.2
7 156.4 30 0.4 407.8 4.8 6.8
8 190 30 0.4 358.9 9.5 8.48
9 190 30 0.4 384.4 8.9 8.49
10 190 46.82 0.4 420 10.9 7.9
11 190 30 0.57 303.1 19 9.57
12 210 20 0.5 333.2 15.5 10.2
13 170 40 0.5 367.1 13.6 7.6
14 223.6 30 0.4 476.6 13.9 10.05
15 190 30 0.4 360.7 11.3 8.62
16 170 20 0.3 437.3 4 6.69
17 190 30 0.3 408.9 10.3 8.43
18 210 40 0.3 475 14.2 8.84
19 190 13.18 0.4 389.4 6.7 8.5
20 170 40 0.3 422.9 5 6.87

Table 4.  Results of Variance Analysis on Yield Stress, Plastic Viscosity, UCS28 by Regression Model.

Variance Analysis Variation Source Sum of Squares Freedom Mean-square F Value P Value

Yield Stress

Model 29031.00 9 3255.67 15.28 < 0.0001 Significant
X1 990.52 1 990.52 1.82 0.0555

↓

X2 1411.96 1 1411.96 2.59 0.0271
X3 17532.12 1 17532.12 18.55 < 0.0001

X1 X2 2606.42 1 2606.42 4.78 0.0056
X2 X3 6.13 1 6.13 0.011 0.8681
X1 X3 389.20 1 389.20 0.71 0.2044
X12 3614.58 1 3614.58 12.24 0.0020
X22 95. 85 1 95. 85 1.80 0.5157
X32 1839.55 1 1839.55 8.56 0.0145

Residual 2111.11 10 211.11
Lack of fit 1428.04 5 285.61 2.09 0.2188 Not Significant

Plastic Viscosity

Model 363.89 3 121.30 49.78 < 0.0001 Significant
X1 100.27 1 100.27 41.15 < 0.0001

↓
X2 46.37 1 46.37 19.03 0.0005
X3 217.26 1 217.26 89.16 < 0.0001

Residual 38.99 16 2.44
Lack of fit 35.19 11 3.20 4.24 0.0624 Not Significant

UCS28

Model 19.68 3 6.56 173.73 < 0.0001 Significant
X1 14.00 1 14.00 53.38 < 0.0001

↓
X2 0.39 1 0.39 1.27 0.0054
X3 5.30 1 5.30 18.85 0.0001

Residual 0.6 16 0.038
Lack of fit 0.46 11 0.042 1.44 0.3602 Not Significant
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adverse to aggregation of cement particles and results 
in disintegration of flocculated cement structure. The 
free water released from the flow of cement effectively 
increases the liquidity of the slurry. On the other hand, 
water reducer reduces the liquid-gas interfacial tension 
and creates a certain air entraining effect. In addition to 
the bubble ball and floating effect, there is stronger ten-
dency of relative sliding between the cement particles 
and the aggregates. 

Figure 4 shows the effects of cement content and 
fine gangue content on fresh CGB yield stress when 
the content of water reducer takes up 0.4%. With the 
increase of cement content, the yield stress decreases 
firstly and then increases. The slurry has the lowest 
yield stress when cement content is 190 kg/m3.With 
the increase of the fine gangue rates, the yield stress 

shows an upward trend. As is shown in Table 4 and 
Equation (2), cement content, fine gangue rate and wa-
ter reducer have significant influences on slurry plastic 
viscosity. The impact of these factors on plastic viscos-
ity follows the order: water reducer > cement content 
> fine gangue rate.

3.3.  Influence of Response Surface Parameters on 
UCS28

UCS28 increases by about 50% when cement con-
tent rises from 156.4 kg/m3 (7#) to 223.6 kg/m3 (14#) 
under the same experimental conditions. This is mainly 
due to gelling properties of the cement. The more ce-
ment, the greater the strength is. However, more ce-
ment means greater cost too. When fine gangue rate is 

Figure 2.  Comparison between predicted and the tested values: (a)Yield stress; (b) Plastic viscosity; and (c) UCS28.
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increased from 20% in 1 # to 40% in 18 #, the UCS28 
drops from 9.1 MPa to 8.84 MPa, which is a slight de-
cline of 2.8%. The water reducer rate increases from 
0% in 0 # to 0.4% in 2 #, and UCS28 climbs from 6.32 
MPa to 8.44 MPa, which is a 33% increase. The reasons 
are as follows: the water reducer disperses the cement 
particles and promotes the release of free water trapped 
in cement floccules. Larger amount of water effective-
ly promotes hydration and pozzolanic reactions, and 
brings an increase of CGB strength. The correspond-
ing SEM images of cube specimens failure section are 
shown in Figure 5 [Figure 5(a) is for 0# and Figure 
5(b) is for 2#]. By contrast the reasons can be drawn 
as follows: the molecular structure of the long side 
chain of poly carboxylic acid water reducer tightens 
the connection between the particles and aggregates. 

This promotes the formation of dense and compact grid 
structure of C-S-H (hydrated calcium silicate), which 
can be seen in in Figure 5(b) easily. The dense spatial 
structure greatly improves the CGB body strength.

4.  NONLINEAR MULTI-CRITERIA 
OPTIMIZATION OF CGB

4.1.  Optimization Method

The aim of the optimization is to find optimal CGB 
mixes. Based on the former experimental results, the 
optimization principles must simultaneously satisfy 
the following criteria:

1.	 Suitable values of yield stress and plastic viscosity 
to guarantee slurry transport; 

2.	 Sufficient UCS28 to ensure sufficient roof support.

Figure 3.  Relational graphs of rheological parameters.

Figure 4.  Interaction effects of cement and fine gangue rate on 
fresh CGB with water reducer content of 0.4%.

Figure 5.  The microscopic scanning image of specimen failure sec-
tion: (a) 0% water reducer and (b) 0.4% water reducer.
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Since the experiment involves optimization of mul-
tiple factors response, the Multi-criteria optimization 
of CGB mixture ratio was applied. This optimization 
is based on Multi-criteria decision-making principles 
according to Derringer and Suich [23]. This method is 
based on construction of a satisfaction function for each 
individual model response, as expressed in Equation 
(4) and Equation (5) [22,24]. According to Equation  
(4), larger values of UCS28 and the plastic viscosity 
are desirable; while according to Equation (5), smaller 
value of yield stress is expected in optimization. Tak-
ing the actual mining conditions of Xinyang coal mine 
into account, the determined range of response optimi-
zation targets are illustrated in Table 5.

Hence, the satisfaction function of each regression 
model [di(Yi(X))] are established firstly. Then the multi-
objective optimization function based on mean weight-
ed geometry of each single satisfaction, namely overall 
satisfaction function, was established [Equation (6)].
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where di is the satisfaction degree function of the ith 
response, Yi(X) is the ith response value, Li is the ith 
lower limit of response values, Yi,max(X) is the ith upper 
limit of response values. 
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1

where ri is weights, depending on the importance of the 
response surface in the optimal design.

4.2.  Analysis of Optimization Results

In practical engineering applications, slurry trans-
port performance is determined by yield stress and 
plastic viscosity, and UCS28 determines its carrying 
capacity of the overburden. Thus in this work we set 
the same degree of importance for each response sur-
face regression model, i.e., r1 = r2 = r3. According to 
Equations (4) and (5), the CGB performance satisfac-
tion distribution is calculated as shown in Figures 6(a), 
6(b), and 6(c) for single factor. Meanwhile, the CGB 
overall performance satisfaction distribution based on 
multi-objective combinations is established according 
to Equation (6) [Figure 5(d)]. 

By increasing the cement content and fine gangue 
rate, the CGB satisfaction degree increases firstly and 
then goes down and reaches the maxima at cement 
content of 210 kg/m3 and fine gangue rate of 40%. The 
CGB satisfaction degree increases rapidly with the rise 
of water reducer content. There is no obvious inflec-
tion point in Figure 6(c), which indicates individually 
increase water reducer dosage to improve the overall 
transport performance can obtain obvious satisfac-
tion.	

As is shown in Figure 6(d), at water reducer content 
of 0.23% the highest satisfaction degree reaches 0.2, 
while at water reducer content of 0.3% the highest sat-
isfaction degree is greater than 0.4. With the increase 
of water reducer content, the satisfaction degree pres-
ents an increasing trend. When water reducer dosage is 
greater than 0.3%, the overall performance of CGB is 
very sensitive to the change of cement content. More 
cement content corresponds to higher overall satis-
faction. The group of 223.64 Kg/m3 cement content, 
30% fine gangue and 0.57% water reducer leads to the 
highest satisfaction degree. However, the unit volume 
of cemented materials and admixtures directly deter-
mines the amount of CGB costs. Therefore, the results 
suggests an optimal CGB composition of 190 Kg/m3 
cement content, 30% fine gangue and 0.5% water re-
ducer ratio.

5.  CONCLUSION

In this study, a response surface method by CCD ex-
periment is proposed to investigate the influence of ce-
ment content, fine gangue rate and water reducer con-
tent on CGB transport and mechanical properties. The 
prediction model for yield stress, plastic viscosity and 
UCS28 is developed, in which a second-order response 
surface model is applied to yield stress and a first-order 

Table 5.  Optimization Range of Response Objectives.

Response 
Objectives

Yield Stress, 
Pa

Plastic Viscosity, 
Pa·s

UCS28,
MPa

Range 350 < Y1 < 470 6 < Y2 < 14 7 < Y3 < 10.5

(4)

(5)

(6)
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response surface function model is adopted for Plastic 
viscosity and UCS28. This method is able to accurately 
predict the test results and provides useful guides for 
practical design.

The fresh CGB rheological properties conform to 
the bingham plastic model by using type ICAR rheom-
eter measurements to test yield stress and plastic vis-
cosity. The relevant rheological parameter can realize 
the quantitative evaluation on the properties of fresh 
CGB transport. 

Based on the response surface function, an overall 
satisfaction function of CBG is established to evaluate 
the performance of CGB. The study shows that the sat-
isfaction degree increases quickly with the increase of 
water reducer content. Meanwhile the satisfaction de-
gree first increases and then decreases with the increase 
of cement and fine gangue rate. It reaches the highest 
value at cement content of 210 kg/m3 and fine gangue 

rate of 40%. Therefore, the optimal mixing proportion 
is suggested.
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ABSTRACT: This study systematically assessed and compared four ash recycling pos-
sibilities, namely forest fertilization, landfill construction, road construction, and road sta-
bilization through the use of cost-benefit analysis and life cycle assessment methods. 
The results indicated that forest fertilization with ash was the most economically attrac-
tive method with a 60% increase in the net present value compared to ash landfilling, 
while reducing the environmental impact by 0.3%. On the contrary, road construction 
with ash resulted in a 13% reduction in the environmental impact and an increase in 
net present value of 25%. Landfill construction with ash was overall the least attractive 
proposition.

INTRODUCTION

ASH, which results from the combustion of solid fu-
els, is generated in large amounts throughout the 

world. The mass of fly ash generated during coal com-
bustion is estimated to be 750 × 106 t globally [1,2]. 
Taking into account the fact that the percentage of fly 
ash in the total amount of ash generated is 85% [1,3], 
the total amount of ash generated via coal combustion 
is around 880 × 106 t. Vassilev et al. [4] estimated that 
approximately 476 × 106 t of biomass ash is generated 
via the combustion of biomass. In total, the amount of 
ash generated globally is around 1.4 × 109 t, which is 
nearly equal to the mass of municipal solid waste gen-
erated globally at 1.3 × 109 t [5].

According to Iyer and Scott [6] and Wang [7], less 
than 25% of the coal fly ash that is generated through-
out the world on an annual basis is recycled. However, 
more recent statistics and recent reviews indicate that 
the recycling rates of fly ash are significantly higher: 
46% in the USA [8], 60% in India [1], and 67% in Chi-
na [1]. Primary ash recycling methods include cement 
and concrete production and mine backfilling [1–3]. 
There are several methods of recycling biomass avail-

able [9–11]. However, no aggregated data about the 
recycling rates is currently available.

Approximately 1.6 × 106 t of ash was generated 
in Finland in 2006. In terms of composition, 60% of 
this ash came from coal combustion, 30% from peat 
and wood co-combustion, and the remaining from the 
mono-incineration of either peat or wood [12]. Recy-
cling rates vary significantly from plant to plant within 
the range of 5–100% for coal ash, 25–100% for peat 
and biomass ash, and 0–100% for residues from waste 
incineration [13]. Peat and woody biomass are mainly 
combusted by the Finnish pulp and paper industry. 
From 2011 onwards, with the publication of the waste 
act 646/2011, the amount of ash that was recycled in-
creased by up to 80%, with most of the ash being uti-
lized in earth construction and forest fertilization [14].

In addition to the fact that ash has technical applica-
tions that make it suitable for certain recycling meth-
ods, further motivating factors that underpin efforts 
to increase the amount of ash that is recycled are the 
economic feasibility of such recycling efforts and the 
environmental benefits they bring [3,9]. However, the 
use of ash to replace the ordinary utilized raw materials 
is economically impractical in some situations. This is 
partly explained by the low price of conventional raw 
materials, as well as the probably economic risks asso-
ciated with the use of ash as it generally has an unpre-
dictable composition. It is only through the implemen-
tation of appropriate economic regulations, primarily 
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increased landfill taxes [15], that waste recycling ini-
tiatives can be promoted to ensure that the advantages 
of avoiding ash landfilling cover the expenses of ash 
recycling and the risks embodied there. 

Although recycling is known to have many posi-
tive benefits from an economics perspective, research 
on the specific economic impact of recycling is scarce 
[2,3,6,9]. This study assessed the economic feasibility 
of recycling the ash that is generated within a chosen 
case study area located in Finland through the appli-
cation of a cost-benefit analysis (CBA) method. The 
results of a previously performed life-cycle assessment 
study [16] were weighted and combined with the re-
sults of the current CBA study to generate recommen-
dations concerning the economic and environmental 
impacts of four ash recycling methods. 

MATERIALS AND METHODS

Economic analysis was performed by applying the 
CBA methodology introduced by James and Predo 
[17], which was built upon the study by Boardman et 
al. [18]. Figure 1 illustrates the steps involved in a con-
ventional CBA study. Steps 1–6 of a conventional CBA 
are identical to the goal and scope definition phase and 
to the life cycle inventory stage of a conventional life 
cycle assessment (LCA) study. Since the LCA study 
was previously performed by the authors [16], steps 
1–6 will only be briefly described in this paper. The 
rest of the CBA steps, 7–10, were included in the study 
scope. Step 7 is described in the methodology section, 
while steps 8–10 are described in the results and rec-
ommendations sections. In addition, the results of the 

Figure 1.  Scope of the present study based on the integration of a cost-benefit analysis [17] and a life cycle assessment method [16].
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previously conducted LCA study were weighted and 
included in the scope of the present study to aggre-
gate values from several categories of environmental 
impact into a single value to be employed to compare 
each of the respective recycling methods.

System Boundaries, Scenarios, and Inventory Data

The Southeast region of Finland was chosen as the 
case study area in this research. Eight ash generating 
units were identified in the region, and these produce 
an average annual amount of fly ash of 58,400 t, and 
bottom ash and boiler slag of 35,100 t. The function 
of the system was determined in accordance with the 
scenarios included in the study and formulated as man-

agement of ash generated in the case study area, fer-
tilization and neutralization of forest soil, construction 
of landfills, construction of roads, and stabilization of 
roads. The system boundaries of the study are present-
ed in Figure 2.

Description of Scenarios

Overall, four alternative utilization scenarios were 
assessed as part of this study along with a reference 
scenario that was ash landfilling. The selection of the 
alternatives was determined in accordance with the 
general practices in the region, whereas applicability 
of certain residues was determined by ash composition 
and legal requirements. Ash that was not suitable for 

Figure 2.  System boundaries of the study.
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a certain utilization method was assumed to be land-
filled.

The first scenario involved forest fertilization and 
neutralization with ash (S1-FF), where fly and bottom 
ashes were assumed to be granulated, transported to 
a utilization site, and spread over the forest area. An 
alternative method of fertilizing the forest would be 
through the use of commercial fertilizer and limestone. 
The second recycling scenario was the use of ash in 
the construction of landfills (S2-LC) where bottom ash 
and boiler slag were assumed to be used for landfill 
construction in a cover layer. Geofabric would be re-
quired when using ash. Alternatively, the layer would 
be constructed using sand. The third recycling scenario 
was road construction (S3-RC) where fly ash was as-
sumed to be wetted, transported to a utilization site, 
and used as a sub-base layer of a road. An alternative 
to ash in this process would be gravel. However, as 
the other layers of a road would be affected when ash 
was utilized as a sub-base layer, the additional mate-
rials required to build a base course and a protection 
layer were included in the study. The forth recycling 
scenario was road stabilization (S4-RS), where dry fly 
ash was assumed to be transported to a utilization site 
and mixed with weak soil using an excavator. An alter-
native method of stabilizing a road would be through 
the use of fine lime.

Regional Optimization Scenarios

In addition to the alternative utilization methods 
included in the study, regional optimization scenarios 
were identified due to the high degree of uncertainty 
related to the distances that ash would be transported 
from the location at which they were generated to their 
place of utilization. Moreover, the studied utilization 
possibilities imply single time utilization of residues 
in one particular place meaning that the transportation 
distance to the utilization place would vary.

Three regional optimization scenarios were identi-
fied: a local scenario (SL), which implied that ash was 
pretreated at a location close to its place of generation 
and within 20 km of the place at which it was utilized; 
a regional scenario (SR), which implied that ash was 
transported to regional centers for possible pretreat-
ment and storage before being transported up to 50 km 
to a final utilization place; and a case study area sce-
nario (SA), which implied that the ash was transported 
to the center of the case study area for pretreatment 
before being transported up to 100 km to a final utiliza-
tion place.

Monetization of the Outputs and Impacts

All processes included in the present study were de-
termined using the LCA that was previously performed 
by Deviatkin et al. [16]. As can be observed in Table 1, 
each process either incurred additional costs or deliv-
ered benefits to the system studied. The prices used in 
the study were free of value added tax (VAT).

Granulation of Ash

The cost of the granulation unit was included in the 
first scenario since granulation cannot be performed us-
ing conventional machinery. The cost of this granula-
tion process included the capital cost of the granulation 
unit itself and the associated operating expenditures. 
The cost of granulation was calculated as follows:

C N CAPex Q OPexG
TR

G G
TR= ⋅ + ⋅

where NG is the number of granulation units, CAPex 
the capital expenditure, €/unit; QG

TR  the mass of ash to 
be granulated, t; and OPex the operating expenditures 
in €/t. The mass of ash to be granulated was 55,700 t. 
The number of granulation units for the local scenario 
was set equal to the number of ash generating units; 
i.e., eight, for the regional scenario—two, and for the 
case study area wide scenario—one.

Operating and capital expenditures were applied 
from the study by Pekkala [19]. The investment costs 
of a single granulation unit were converted into annual 
payments using the capital recovery factor as follows:
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where IGU is the investment cost of a single granula-
tion unit in €; i is the social discount rate, which was 
assumed to be 5% [20]; and n is the service life, which 
was assumed to be 15 years. In addition to the cost 
of the granulation unit, the annual cost of personnel,  
45 × 103 €, maintenance cost, 2 × 103 €, insurance cost, 
5 × 103 €, and sampling and quality control cost, 10 × 
103 € were included. All together, the annual capital 
expenditures were 198 × 103 €. The operating expen-
ditures included the costs of water, heat, and electric-
ity, which were 1.3 €/m3, 20 €/MWh, and 37.1 €/MWh 
respectively.

(1)

(2)
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Table 1.  Categories of Costs and Benefits Included in the Study.

Scenario 1 
Forest Fertilization

Scenario 2 
Landfill Construction

Scenario 3 
Road Construction

Scenario 4 
Road Stabilization

Scenario 0 
Landfilling

Cost categories •	 Granulation of ash
•	 Transportation of ash
•	 Spreading of ash
•	 Cost of unqualified 

ash landfillinga

•	 Transportation of ash
•	 Cost of geofabricb

•	 Cost of unqualified 
ash landfilling

•	 Transportation of 
ash

•	 Cost of unqualified 
ash landfilling

•	 Transportation of 
ash

•	 Cost of unqualified 
ash landfilling

•	 Waste tax
•	 Cost of landfill 

maintenance
•	 Transportation of 

ash

Benefit categories •	 Cost of commercial 
fertilizer

•	 Cost of limestone
•	 Transportation of 

materials
•	 Spreading of materials

•	 Cost of sand
•	 Transportation of 

sand

•	 Cost of sand
•	 Cost of gravel
•	 Cost of crushed 

stone
•	 Transportation of 

materials

•	 Cost of lime
•	 Transportation of 

lime

aThe cost was calculated as the total cost of landfilling in S0-LF for the amount of ash unqualified for a certain utilization possibility.
bThe shipping cost of geofabric was assumed to be included in the cost of the geofabric itself. 

Transportation of Materials

The cost of transporting all materials, with the ex-
ception of ash, was calculated as follows:

C Q
PL

c d
vT

i T
i

TR T
i

T
= ⋅

⋅ ⋅( )2

where QT
i  is the mass of material i to be transported, t; 

PL is the payload of a single vehicle, t; cTR is the specif-
ic cost of renting a single vehicle, €/h ; dT

i  is the one-
way distance to transport material i in km; and vT is the 
velocity of transportation in km/h. The material masses 
and transportation distances are presented in Table 2. 
The payload of a single vehicle was assumed to be 25 t 
as implemented in MELI software [21] which was used 
in the previously performed LCA study. The materials 
were assumed to be transported by dump trucks, which 
are widely used for the transportation of loose materi-
als. The specific cost of renting a single dump truck in 
2014 was 70 €/h [22]. The velocity of a dump truck 
was set to 60 km/h.

The cost of ash transportation was calculated as fol-
lows: C C CT

tr
T CP
tr

T FP
tr= +, , ,  where CT CP

tr
,  is the cost of 

ash transportation to a collection point, €; and CT FP
tr

,  is 
the cost of ash transportation from a collection point to 
a final utilization place, €. The cost of ash transporta-
tion to a collection point was calculated as follows:

C Q d c
PL vT CP

tr u
tr

CP
tr

TR

T
,

( )
=

⋅ ⋅ ⋅
⋅

Σ 2

where Qu
tr  is the mass of ash generated in a unit u, t; 

and dCP
tr  is the distance from an ash generating unit u 

(3)

(4)

to a collection point, km. The cost of ash transportation 
from a collection point to a final utilization place was 
calculated as follows:

C Q
PL

c d
vT FP

tr CP
tr

TR FP
tr

T
,

( )
= ⋅

⋅ ⋅2

where QCP
tr  is mass of ash to be transported from a col-

lection point to a final utilization place, t; and dFP
tr  is 

the distance from a collection point to a final utiliza-
tion point, which was 20 km for SL, 50 km for SR, and 
100 km for SA. The masses of ash to be transported 
are presented in Table 2 and the distances the ash were 
transported are presented in Table 3.

(5)

Table 2.  Mass and Transportation Distances of the 
Substitute Materials and Ash.

Scenario Material QT
i dT

i ,  km Qu
TR QCP

TR

S1-FF •	 Commercial 
fertilizer (t)

24,830 100

•	 Limestone (t) 23,470 100
•	 Ash (t) 55,700 66,880

S2-LC •	 Sand (t) 50,360 50
•	 Geofabric (m2) 29,283 –
•	 Ash (t) 31,440 31,440

S3-RC •	 Sand (t) 31,440 50
•	 Gravel (t) 76,010 50
•	 Crushed stone (t) 27,780 10
•	 Ash (t) 58,450 58,450

S4-RS •	 Lime (t) 19,960 50
•	 Ash (t) 58,450 58,450

S0-LF •	  Ash (t) 93,580 93,580
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Cost of Spreading the Materials in the Forest

The cost of spreading was calculated as follows:

C Q cS
tr

S
i

S= ⋅

where QS
i  is the mass of material i to be spread, t; and 

cS is the specific cost of spreading, €/t. The specific 
cost of aerial spreading was 60 €/t for ash and 200 €/t 
for commercial fertilizer and limestone, while the cost 
of ground spreading was 50 €/t for ash and 130 €/t for 
artificial fertilizer and limestone [19].

Cost of Materials

The cost of each material used in the study was cal-
culated as follows: 

C Q ci i i= ⋅

where Qi was the mass of the material i consumed [16], 
t; and ci was the price of material i in €/t (Table 4).

Waste Tax

All waste deposited in landfills is a subject to waste 
tax. As of 2015, the waste tax was 55 €/t [27]. The total 
cost paid as the waste tax was calculated as follows: 

C Q cLF
tr

LF
tr

WT= ⋅

where QLF
tr  is the mass of ash landfilled, t; and cWT is 

the waste tax, €/t.

Cost of Landfill Maintenance

Disposal of ash in the landfills requires the use of 
machinery as well as further maintenance including 
leachate treatment and landfill closure. The gate fee 
that waste management companies charge for disposal 
of ash was taken into consideration in the current study 
because there was insufficient data available about the 

cost of landfill maintenance. The cost used in the study 
was 45 €/t [28]. However, a cost variation between 
15–55 €/t [28] was incorporated into the sensitivity 
analysis.

Equalization of Prices across Different Years

The prices used in the current study originated from 
multiple sources that were published in different years. 
The prices were equalized using the consumer price in-
dex recorded by the Finnish Statistics Services [29]. 
The prices were normalized to the year 2014. The 2015 
prices were used as such. The correction calculations 
were performed as follows:

c c CPI CPIi i x x, , ( ) ( )2014 1 20141 1= ⋅ + ⋅ ⋅ ++ 

where ci,x is the price of material i in year X; and CPIx+1 
and CPI2014 is the consumer price index starting from 
year X + 1 until year 2014. The results are presented in 
Table 5.

Selection of the Evaluation Criterion

Net present value (NPV) was used to compare the 
scenarios involved in this study. The alternative crite-
ria that are often employed in CBA, such as benefit-
cost ratio, internal rate of return, or payback time, were 

Table 3.  Distances Between Ash Generating Units and Collection Points in the Regional Optimization Scenarios.

Distance (km)

Ash Generating Units Studied

Metsä 
Simpele

UPM 
Kaukas

Stora Enso 
Imatra UPM Kymi

Stora Enso 
Anjalakoski

Karhula Heating 
Plant

Hovinsaari 
CHP

Hyötyvoimala 
CHP

Local Scenario (SL) 0 0 0 0 0 0 0 0
Regional Scenario (SR) 61 17 27 21 9 44 42 6
Case-study area scenario (SA) 120 47 85 56 64 78 76 60

Table 4.  Prices of Materials Used in the Study.

Material Ci, €/t Reference

Commercial fertilizer 206 [23]
Limestone 26.5 [24]
Geofabric 2a assumed using prices 

available online
Sand 2.8 [25]
Gravel 6.5 [25]
Crushed stone 6.4b [25,26]
Lime 30 Estimated based on [24]
aUnit €/m2;
bAverage value from data presented in the references.

(6)

(7)

(8)

(9)
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deemed to be unsuitable for the comparison of mutual-
ly exclusive projects [20]. Since the costs and benefits 
were calculated for one year and investment costs were 
converted into annual payments, a simplified equation 
of the NPV for each scenario was used: 

NPV B C
i

=
−
+( )1

where B is benefits of each scenario within one year; 

Table 5.  Specific and Normalized Prices Used in the 
Current Study.

Scenario
Specific 

Price Year X
Normalized 

Price

Rental of a single vehicle (€/h) 70 2014 70

CAPex of a granulation unit 
(€/unit)

Equipment 136.0 × 103 2012 139.4 × 103

Personnel 45.0 × 103 2012 46.1 × 103

Maintenance 2.0 × 103 2012 2.1 × 103

Insurance 5.0 × 103 2012 5.1 × 103

Sampling and quality control 10.0 × 103 2012 10.3 × 103

OPex of a granulation unit
Water (€/m3) 1.3 2012 1.3
Electricity (€/MWh) 37.1 2015 37.1
Heat (€/MWh) 20.0 2012 20.5

Materials
Commercial fertilizer (€/t) 206 2004 249
Limestone (€/t) 26.5 2012 27.1
Geofabric (€/m2) 2.0 2015 2.0
Sand (€/t) 2.8 2014 2.8
Gravel (€/t) 6.5 2014 6.5
Crushed stone (€/t) 6.4 2014 6.4
Lime (€/t) 30.0 2012 30.8

C is the cost of each scenario within one year; and i 
is the social discount rate, which was assumed to be 
5% [20]. The NPV of each utilization scenario was 
compared with that of the Baseline Scenario: landfill-
ing the ash.

Weighting of the LCA Results

According to the ISO 14044 standard [30], there is 
no scientific basis for aggregating the life cycle impact 
assessment (LCIA) results into a single value. Nev-
ertheless, weighting using the expert values gathered 
by a panel method is widely practiced [31]. Eskola 
et al. [32] interviewed a number of practitioners and 
engineers to rank the environmental impacts originat-
ing from earthworks in Finland. Their rankings were 
applied in the present study, which also includes the 
utilization of ash in earthworks. The areas of environ-
mental concern in the study by Eskola et al. [32] partly 
differed from those included in the LCA study that was 
previously performed [16]. Table 6 lists the weighing 
factors for the impact categories covered in the current 
study as well as the corresponding names used by Es-
kola et al. [32].

The weighting factors were incorporated in the 
study to obtain a single value as follows:

LCA WF LCIA
WFW

i
n

i i

i
n

i
=

⋅Σ
Σ

( ) , % 

where WFi is the weighting factor of an impact cat-
egory, i, (Table 6); and LCIAi is the results of the LCIA 
for an impact category i presented as relative change 
[16], %.

Table 6.  Factors Used for Weighting LCIA Results.

Impact Category (IC) Weighting Factor (WFi ) Area of Concern According to Eskola et al. (1999)

Ecotoxicity potential (ETP) 66.9 Heavy metals to soil
Carcinogenic human toxicity potential (HTPc) 66.9 Heavy metals to soil
Non-carcinogenic human toxicity potential (HTPnon-c) 66.9 Heavy metals to soil
Resource depletion potential (RDP) 66.6a Raw materials and fuels consumption
Global warming potential (GWP) 50.6 CO2 to air
Terrestrial eutrophication potential (TEP) 49.5 NOx to air
Acidification potential (AP) 46.2b SO2 and NOx to air
Photochemical ozone formation potential (POFP) 39.9 VOC to air
Marine eutrophication potential (MEP) 39.4 N to water
Freshwater eutrophication potential (FEP) 38.6 COD to water
aCalculated as the mean of the factors of raw material and fuel consumptions.
bCalculated as the weighted mean of the factors of SO2 and NOX using the characterization factors from the acidification potential impact category [33,34].

(10)

(11)
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RESULTS

Overall Results

The results of the economic analysis are presented 
in Figure 3 as relative changes of the NPV of each re-
cycling scenario in relation to the NPV of the baseline 
scenario, ash landfilling. Furthermore, the contribution 
of each cost and benefit category to the overall NPV 
change is shown. As can be seen, all scenarios led to 
an increase in the NPV. The largest impact was almost 
60% in the case of S1-FF when a part of fly ash and 

bottom ash was utilized to fertilize and neutralize for-
est substituting commercial fertilizers and limestone.

The increase was mainly due to the fact that, within 
this scenario, the cost of distributing fertilizers and 
limestone in forest (45%) was avoided, as so was the 
cost of fertilizer (27%), and, to a lesser extent, landfill-
ing tax and the cost of landfill maintenance (25%). The 
cost granulate, transport, and spread ash resulted in a 
NPV reduction of 20%. However, the additional costs 
associated with ash recycling were smaller than the 
benefits of eliminating industrial fertilizer and lime-
stone procurement, transportation, and spreading.

Figure 3.  Overall change of the NPV of alternative scenarios studied in relation to the NPV of the baseline scenario.
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The increase of the NPV in the other scenarios ranged 
from 11% in S2-LC to 24% in S3-RC, which was 2-5 
times lower than that of S1-FF. In terms of S2-LC, 90% 
of the NPV increase was the result of avoiding the need 
to landfill the ash used construct the landfills. The cost 
of ash transport and the supplementary geofabric cost 
(19.9% of the NPV change) were, in combination, a 
little greater than the benefit of avoided sand acquisi-
tion (11.5% of the NPV change). Thus, construction 
of landfill from sand was more beneficial than ash re-
cycling, while the economic effect was insignificant. 
Similarly to S2-LC, the majority of the overall NPV 
increase in the S3-RC and S4-RS scenarios (81–88%) 
resulted from preventing the ash landfilling cost. Nev-
ertheless, as opposed to the S2-LC, the advantages of 
avoiding the costs of acquiring substitute materials and 
transportation (11–18% of the NPV change) consider-
ably exceeded the added cost of ash recycling (1.7–
1.9% of the NPV change), making ash more attractive 
from an economic perspective. 

Regional Optimization

The results of the economic analysis of regional 
optimization are presented in Figure 4 in terms of the 
NPVs of each scenario. Overall, the results were rela-
tively consistent in terms of the transportation distance 
and the number of ash pretreatment units, with the 
largest change in NPV being 3.1% in S1-FF. The aver-
age change in the NPV was 2% across the rest of the 
scenarios. In S2-LC, S3-RC, and S4-RS, the NPV was 
inversely proportional to the increase in transportation 
distance in the optimization scenarios. In S1-FF, the 
results were affected not only by the transportation dis-
tance, as was the case in the other scenarios, but also by 
the number of granulation units required for ash pre-
treatment. This resulted in a non-linear change in the 
NPV between different regional optimization scenari-
os. An optimal combination for S1-FF was achieved in 
the regional scenario (SR) where only two granulation 
units were required, and the transportation distance to 
the final utilization place was two times higher than 
that in the local scenario (SL). However, a further in-
crease in the transportation distance in the case study 

area scenario (SA) resulted in a lower NPV than that 
in the SR, even though the number of granulation units 
required was one.

Sensitivity Analysis

The best- and worst-case scenarios were modeled 
within the sensitivity analysis as a means of evaluat-
ing how possible changes in the system affected the 
outcomes. Table 7 presents the parameters that were 
employed in the sensitivity analysis along with their 
values. The cost of landfill maintenance and the price 
of commercial fertilizer were included in the analysis 
since these parameters were the most significant ac-
cording to the CBA results.

The results of the analysis are presented in Figure 
5. The difference between the best-case and the worst-
case scenarios ranged from 3.6% NPV in S2-LC to 
5.7% NPV in S1-FF. More than 90% of the variation 
in S1-FF was related to the uncertainty of the fertil-
izer price, whereas most of the variation in the other 
scenarios was related to the uncertainty of the landfill 
maintenance cost.

Figure 4.  The NPV of regional optimization scenarios.

Table 7.  Parameters and the Values Used in the Sensitivity Analysis.

Parameter Scenario Affected Expected Value Best-case Scenario Worst-case Scenario

Cost of landfill maintenance (€/t) all 45 55 15
Price of commercial fertilizer (€/t) S1-FF 249 338 186
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RECOMMENDATIONS

In the present study, a systematic assessment of 4 al-
ternative recycling approaches for ash originating from 
eight industrial plants located within the case study area 
was conducted. The economic analysis was conducted 
via a cost-benefit analysis method. The environmental 
assessment was performed by weighting the results of 
an LCA that was previously conducted by the authors. 
Finally, the results of the economic analysis and the 
environmental assessment were combined.

The results of the cost-benefit analysis and the 
weighted life cycle assessment of the alternative uti-

lization scenarios are depicted in Figure 6. The eco-
nomic performance is plotted on the X-axis as the net 
present value (NPV), while the environmental impact 
is presented on the Y-axis. The results are presented 
the relative changes attained as a result of the imple-
mentation of a certain recycling scenario compared to 
the baseline scenario of landfilling. The results indicate 
that neither of the alternative methods studied was su-
perior in both the reduction of environmental impact 
and a better economic performance. Nevertheless, all 
scenarios resulted in an increase in the NPV. In terms 
of the environmental impact, all scenarios, with the ex-
ception of S2-LC, reduced the negative impact on the 
environment.

Economically, the utilization of 55,700 t of fly ash 
and bottom ash to fertilize and neutralize 176 km2 of 
forest was the most attractive recycling method with 
an increased NPV of 58%. In terms of the remain-
ing scenarios, the NPV increase was 11% in S2-LC 
where 35,140 t of bottom ash and slag were used to 
build 0.146 km2 of landfills, 24% in S3-RC and 22% in
S4-RS where 58,450 t of fly ash was used to build 11 
km of roads or to stabilize weak soil for the construc-
tion of 3.8 km of roads respectively.

With regards to the environmental impact, the larg-

Figure 5.  Results of the sensitivity analysis.

Figure 6.  Combination of life cycle assessment and cost-benefit analysis results.
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est reduction in environmental impact of 13% was 
achieved in scenario S3-RC. This was because scenario 
S3-RC avoided the need to acquire and transport large 
amount of commercial fertilizer and limestone and, 
therefore, reduced emissions. Moreover, utilization of 
ash for road construction reduces the amount of ma-
chinery required to build the road in comparison to the 
construction of a conventional road. Finally, reduced 
leaching of toxic substances through a pavement layer 
due to the prevention of precipitation did not increase 
the environmental impact. On the contrary, the use of 
the same amount of fly ash in S4-RS decreased the 
environmental impact of only 1%. The difference be-
tween S3-RC and S4-RS was caused by the difference 
in the road structures and the different substitute ma-
terials. S1-FF only slightly reduced the environmental 
impact by 0.3%. In the scenarios, there was a large re-
duction of the environmental impact due to prevented 
release of pollutants caused by the manufacturing of 
industrial fertilizers; however, high leaching of heavy 
metals from ash applied on a ground surface offset this 
positive impact. S2-LC was the least environmentally 
sound recycling approach having additional impact on 
the environment of 1%. Despite the toxicological im-
pact of leaching heavy metals from ash was lower in 
S2-LC than it was in S1-FF and S4-RS, the impact 
that was avoided by acquiring substitute product was 
considerably smaller, yielding in an overall negative 
value.

Taking into consideration the findings of the eco-
nomic and environmental assessments, the following 
recovery route for recycling the ash generated in the 
case study area is recommended: 

1.	 Recycle fly ash and bottom ash for fertilization 
and neutralization of forest since the requirements 
governing the content of heavy metals in ash are 
the strictest;

2.	 Recycle fly ash in road construction and bottom 
ash in landfill construction where the quality of 
the ash does not meet the requirements for forest 
fertilization;

3.	 Recycle fly ash in road stabilization where the 
quality of the ash does not meet the requirements 
for road construction;

4.	 Recycle boilers slag in landfill construction;
5.	 Landfill the residues which are not applicable for 

use in any of the recycling methods studied;
6.	 Consider regionally centralized ash recycling pro-

cesses as opposed to locally centralized systems.
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ABSTRACT: A novel chitosan-modified magnetic biochar composite (CC-Fe) was syn-
thesized by embedding Fe2O3 and assembling chitosan in two-step. The properties of 
CC-Fe were characterized systematically by elemental analysis, Brunauer-Emmett-Tell-
er (BET) surface area, scanning electron microscopy (SEM), Fourier transform infrared 
spectroscopy (FT-IR), and batch sorption processes. The prepared adsorbent compos-
ite was comprised of magnetic particulates of Fe2O3 and multifunctional group, and thus 
exhibited high sorption capability to remove copper (II) or cadmium (II) from waste water. 
For both copper (II) and cadmium (II), CC-Fe demonstrated a higher sorption capability 
(98% and 97%) than the non-chitosan magnetic biochar (11% and 7%). The sorption 
experimental results showed that the composite is a potential sorbent to remove copper 
(II) and cadmium (II). Due to its excellent magnetic characteristic, the heavy metal-laden 
CC-Fe could be isolated again from treated solution and reused after the desorption 
treatment. The functional groups of CC-Fe made efforts to the removal of heavy metals.

1.  INTRODUCTION

THE waste water containing heavy metal ions has 
always been a serious threat to environment own-

ing to their bioaccumulation, nonbiodegradability and 
toxicity even at low concentrations (Liu et al. 2013). It 
has been a potential threat to human health by consum-
ing the polluted farm produce which accumulate heavy 
metal through waste water. (Chen et al. 2015). There-
fore, the removal of various heavy metals from the dis-
charged waste water is crucial to the environment. In 
order to remove the heavy metal from the waste water, 
the treatment techniques including biological, chemical 
and physical methods have been applied in the waste 
control (Azizi et al. 2011). The methods of chemical 
precipitation, coagulation-flocculation, reverse osmo-
sis, membrane filtration, and ion-exchange have been 
implemented and documented. (Lee et al. 2012; Kim 
et al. 2013; Googerdchian et al. 2012). Although these 
technologies have been extensively paid much atten-
tion, the high cost, huge energy consumption, or the 
production of considerable toxic waste hamper their 
application (Mohan and Pittman 2006). Adsorption 

separation, as one high-efficiency and high-cost-ef-
fective treatment technology, is widely applied in the 
heavy metals removal from aqueous solution (Wang et 
al. 2013; Fan and Zhang 2015).

Biochar has been considered as one low cost-effi-
ciency adsorbents with simple preparation method and 
demonstrated great potential in the elimination of or-
ganic and inorganic pollutants from aqueous solutions 
(Beesley et al. 2010). However, the biochar-based ad-
sorbents are difficult to reuse and separate after the ad-
sorption treatment. In order to solve the deficiency and 
enhance biochar adsorption capacity, magnetic biochar 
were widely studied. A novel magnetic biochar was 
developed to adsorb arsenic, phosphate, and organic 
pollutants (Zhang et al. 2013). Zhou et al. (2014) syn-
thesized biochar-supported zerovalent iron to remove 
heavy metals, phosphate, and methylene blue from ar-
tificial polluted wastewater. However, the adsorption 
ability of magnetic biochar was often greatly decreased 
due to the varied functional structure. Therefore, it is 
important to develop one kind of modified/engineered 
magnetic and recover biochar adsorbent. Chitosan is 
an inexpensive, easily available, renewable, and non-
toxic product of the shellfish processing industry and is 
one of the most abundant natural polysaccharide (Kit-
tur et al. 2003). Due to the high reactivity and excellent 
chelation characteristic, chitosan and its derivatives 
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were explored and used as biosorbents in the treatment 
of heavy metals from environment (Wu et al. 2010; 
Wang and Chen 2014). Although chitosan materials 
show a superior adsorption capacity to inorganic and 
organic contaminants (Reddy and Lee 2013), the solu-
bility and low stability are the main disadvantages for 
the applications of chitosan. Therefore, chitosan has 
often been used as a surface modification agent to im-
pregnate onto supporting surfaces because of its high 
affinity toward various heavy metal ions (Pontoni and 
Fabbricino 2012). 

In this study, we prepared a novel chitosan-modified 
magnetic biochar composite by assembling chitosan 
with magnetic biochar/Fe2O3. The main aims of this 
study were to: (1) explore the preparation of chitosan-
modified magnetic biochar composite, (2) describe the 
characteristics of the developed the adsorbents, and (3) 
determine the sorption property of the composite. The 
developed chitosan-modified magnetic biochar adsor-
bent is easily operational, separated, and reused after 
the adsorption treatments.

2.  MATERIALS AND METHODS

2.1.  Materials

Maize straw was collected from Jining, Shandong 
Province, China for the feedstock biomass of biochar-
derived magnetic composite. Ferric chloride hexahy-
drate (FeCl3·6H2O), chitosan, and acetic acid glacial 
(CH3COOH, ≥99.5 w%), which grade were analytical, 
were purchased from Aladdin Reagent Co. Ltd. Shang-
hai, China. Cu and Cd stock solution were prepared 
by making appropriate amount Cu(NO3)2·3H2O (CAS: 
7758-99-8) and CdCl2·2.5H2O (CAS: 10022-68-1) 
dissolved in 1000 mL of DI water to make sure the 
concentrations of Cu2+ and Cd2+ were 1g L–1, respec-
tively. The stock solutions were kept at 4°C and diluted 
to working concentrations before the experiment.

2.2.  Sorbent Preparation

2.2.1 Biochar Preparation

Corn straw was milled to pass through 20 mesh 
sieves and dried for 24 h at 105°C before further treat-
ment. The powdered biomass was pyrolyzed using a 
muffle furnace (SXL-1008, Shanghai Shuli Instrument 
Co., China). The pyrolysis temperature was increased 
to 700°C at a heating rate of 10°C min–1 and remained 
unchanged at 700°C for 3h. The obtained biochar were 

grounded to pass through 0.5 mm sieve and washed 
four times with deionized (DI) water. Ultimately, the 
biochars were dried at 110°C for 24 h and stored in a 
desiccator for experiment use. The pristine biochar was 
denoted as BC.

2.2.2.  Preparation of Biochar/Fe2O3 Composite

Corn straw was washed several times and milled to 
pass through a 20 mesh sieve. The average size of bio-
mass was approximately 0.8 mm. Then, the biomass 
was immersed into the FeCl3 solution which was pre-
pared by dissolving 40 g of FeCl3·6H2O into 60 mL 
of deionized (DI) water for 2 h (Zhang et al. 2013). 
The biomass which was pre-treated was pyrolyzed at 
700°C using a muffle furnace. Heating rate was adjust-
ed to 10°C min–1 and then maintained stable for 3 h at 
targeted temperature for complete carbonization. And 
the pyrolysis process was under limited oxygen condi-
tion. Subsequently, biochar/Fe2O3 composite produced 
from the pyrolysis was milled and sieved, and the pro-
portion of 0.5–0.8 mm was used after the residual ash 
proportion was minimized. The composite was desig-
nated as C-Fe.

2.2.3.  Preparation of Chitosan-modified Magnetic 
Biochar Adsorbent

To make the composite sample, 3 g of the magnetic 
biochar was then added to 100 mL of 2% acetic acid 
liquid containing 3 g of chitosan. The resulting solu-
tion was stirred for 30 min. Then the magnetic biochar-
chitosan homogenous suspension was dropwise added 
into 900 mL of 1.2% NaOH solution and kept the so-
lution for all night long. The magnetic biochar coated 
over chitosan was separated by an external magnet and 
then washed with DI water in order to wipe of the ex-
cess of NaOH and oven-dried at 70°C for 24 h. This 
sample was denoted as CC-Fe.

2.2.4.  Preparation of Chitosan-modified Biochar

The manufacture method was almost similar to part 
2.2.3 with the substitute of magnetic biochar with bio-
char. And the chitosan-modified biochar were marked 
as CC. 

2.3.  The Characterizations of the Novel 
Composites 

Elemental analyse (C, N and H) of the synthetical 
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adsorbent were conducted using a CHN Elemental 
Analyzer via high temperature catalyzed combustion 
and the resulting CO2, H2 and NO2 gases were mea-
sured through infrared detection, respectively. The  
(O + N)/C and H/C atomic ratios were measured to 
evaluate the polarity and aromaticity, respectively. Use 
the methods described in Ahmad et al. (2013) to de-
termine the moisture, ash, mobile matter and residual 
matter contents. 

Brunauer-Emmett-Teller (BET) surface area was 
measured from N2 isotherms at 77 K using a Sur-
face Area and Porosimetry Analyzer (Quantachrome, 
Quantasorb SI). Scanning electron microscope (SEM) 
images were collected using a JEOL JSM-6400 Scan-
ning Microscope. Using a Fourier Transform Infra-red 
Spectrophotometer (FT-IR) (Varian 640-IR; Varian, 
Palo Alto, CA., USA), we examined functional group 
on the superficial layer of adsorbents. And the target 
absorbance was in the range of 4000–400 cm–1. The 
adsorbents were then blended with KBr at a ratio of 
1:100 (w/w) and pressed into film.

2.4.  Adsorption Experiments

50 mL solution which contained 40 mg L–1 Cd(II) 
(or Cu(II)) solution was mixed with 0.05 g adsorbent 
(BC, C-Fe, CC, and CC-Fe, respectively). The suspen-
sion solution was filtered through a 0.45 μm millipore 
filter after shaken in a horizontal oscillating table, for 
24 h, and the filtrate was collected for the downward 
analysis. The concentrations of Cd(II) (or Cu(II)) in the 
collected liquid were determined with Air-acetylene 
Flame Atomic Adsorption Spectrophotometer (Perki-
nElmer 900T, USA). Adsorption capacity was deter-
mined using the difference of concentrations of Cd(II) 
or Cu(II) between the initial and final aqueous. The 
adsorption kinetic experiments of Cd(II) (or Cu(II)) on 
each adsorbent (BC, CC-Fe, CC, and C-Fe) were con-
ducted in flasks containing 50 mL of 40 mg L–1 Cd(II) 
(or Cu(II)) and 0.05 g adsorbent at room temperature 
(22 ± 0.5°C). The flasks were shaken in a horizontal os-
cillating table. And the samples were taken from flasks 
using pipette at predetermined time intervals (from 10 
min to 24 h) and filtered. Then the concentrations of 
Cd(II) (or Cu(II)) in samples were measured. 

Sorption isotherm experiments of Cd(II) and Cu(II) 
onto the adsorbents were obtained by mixing 50 mL of 
heavy metal solutions of diversified concentrations in 
the range of 40–250 mg L–1 with 1 g L–1 sorbent. On 
the basis of adsorption kinetics experiment, the adsorp-
tion equilibrium time was chosen at 24 h. After shaking 

for 24 h, the solution were sampled and filtered im-
mediately through 0.45 μm mipor filter. And then the 
concentrations of Cd(II) and Cu(II) in the filtrates were 
measured.

3.  RESULTS AND DISCUSSION

3.1.  Characterization of Adsorbent

3.1.1.  Elemental Analysis

The elemental compositions of the four sorbents 
were summarized in Table 1. It showed that the pris-
tine biochar contained the highest C content (67.39%), 
in contrast, C-Fe had the lowest C content (14.60%). 
Similar trend was also found for O content because of 
the addition of Fe. But the C content of the chitosan-
modified biochar was increased. Moreover, chitosan 
contained extra N, which also resulted in the rise of N 
element of CC and CC-Fe. It is general to use the mo-
lar ratios of H/C and O/C (or (O + N)/C) to determine 
aromaticity and polarity, respectively (Uchimiya et al. 
2010). Although H/C ratios of pristine biochar was the 
lowest (H/C = 0.05) among the four adsorbents, the BC 
exhibits higher aromaticity compared to other biochar 
composites (H/C = 0.15) (Chun et al. 2004). On the 
contrary, CC and CC-Fe had a relatively higher H/C 
ratio which suggested that there was some residue of 
the original organic matter. The higher H/C ratios of 
C-Fe may be due to the lower C content by magnetiz-
ing processes. Compared with CC (0.47) and CC-Fe 
(0.50), BC also had lower ratio of O/C (0.39), indi-
cating that it is less hydrophilic on the surface of BC. 
It was also proven by the ratios of (O + N)/C, which 
indicated the polarity of the biochar composites (CC, 
C-Fe and CC-Fe) became higher than that of pristine 
biochar (BC). These increased polarity and decreased 
aromaticity of biochar composites may be because of 
the presence of hydroxyl polarity groups and amino or 
γ-Fe2O3 (Boamah et al. 2015; Zhang et al. 2013).

Table 1.  Elemental Composition of Biochar (BC), 
Biochar/Fe2O3 (C-Fe), Chitosan-modified Biochar (CC), 

and Chitosan-modified Magnetic Biochar (CC-Fe).

Sample C H N O H/C O/C (O+N)/C

BC 67.39 3.54 1.69 26.57 0.05 0.39 0.42
C-Fe 14.60 2.18 0.40 12.32 0.15 0.84 0.87
CC 45.21 4.47 3.75 21.08 0.10 0.47 0.55
CC-Fe 28.14 4.37 3.69 14.15 0.16 0.50 0.63
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3.1.2.  Surface Area and Specific Pore Size 
Distribution

Table 2 presents the pore structure and surface area 
characterization of BC, C-Fe, CC and CC-Fe. The BET 
surface areas of the BC (718.1 m2 g–1) were superior to 
the other three biochar composites (232, 44.4 and 39.9 
m2 g–1 for C-Fe, CC and CC-Fe, respectively). The 
pore volume and surface area of CC and CC-Fe de-
creased dramatically after the modification of chitosan. 
It may be inferred that some of the pore of the biochar 
was blocked by the chitosan and thus N2 had less affin-
ity for surface adsorption. In addition, the comparison 
of CC with CC-Fe also suggested that magnetization 
process reduced the pore volume and surface area.

3.1.3.  Scanning Electron Microscope Analysis

Surface characteristics of the biochars before and af-
ter modification were examined by SEM-EDS (Figure 

1). Compared with the original biochars [Figure 1(a)], 
the SEM images of C-Fe can be clearly observed some 
bright points [Figure 1(b)], even some hexahedron 
[Figure 1(c)], which indicated the existence of ferric 
oxide. The high content of iron in the results of EDS 
[Figure 1(f)] attested the above conclusion. In addition, 
except for the bright particulates, the surface of CC-Fe 
composite became thicker and rougher because of the 
cover of the chitosan [Figure 1(d)]. 

3.1.4.  Fourier Transform Infrared (FTIR) Analysis

FTIR spectra and spectroscopic assignment of BC, 
C-Fe, CC, and CC-Fe are exhibited in Figure 2. The 
peaks of BC occurring at the wavenumbers of 3438 
cm–1 and 1590 cm–1 corresponded to OH stretching 
vibration (Vuković et al. 2010) and carbonyl/carboxyl 
C=O stretching vibration (Yan et al. 2014), respective-
ly. The peak at ~2790 cm–1 is connected with –CH2 
stretching vibration. Meanwhile, the peaks at 1439 

Table 2.  Pore Volume and Surface Area of BC, C-Fe, CC, and CC-Fe.

Biochar
BET Surface Area 

(m2/g)
Total Pore Volume 

(cm3/g)
Average Pore Diameter 

(nm)
Micropore Volume 

(cm3/g)
Micropore Diameter 

(nm)

BC 7.181 × 102 9.72 × 10–1 2.71 6.47 × 10–1 6.63 × 10–1

C-Fe 2.32 × 102 2.28 × 10–1 1.97 1.14 × 10–1 8.9 × 10–1

CC 4.44 × 101 2.48 × 10–2 1.12 2.48 × 10–2 6.37 × 10–1

CC-Fe 3.99 × 101 2.02 × 10–2 1.01 1.61 × 10–2 5.57 × 10–1

Figure 1.  Scanning electron microscope (SEM) photographs of BC (a), C-Fe (b), CC (c) and CC-Fe (d); and (f) is EDS of C-Fe.
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cm–1 and 1379 cm–1 mainly corresponded to C-N 
stretching (Ma et al. 2014). With the same peaks of BC, 
C-Fe and CC-Fe have peaks at 3438 cm–1 and 1590 
cm–1 which are assigned to the OH and C=O stretching 
vibration, respectively. Furthermore, the peak at 587 
cm–1 is related to Fe-O characteristic band (Tarigh and 
Shemirani 2013), indicating Fe2O3 had adhered to BC 
and CC. C-Fe and CC-Fe have none peaks at ~2790 
cm–1 indicating that the surface functional groups has 
changed after the magnetization of biochar compared 
with BC. In the spectrum of CC and CC-Fe, the peaks 
of 1590 cm–1, 1439 cm–1 and 1379 cm–1 disappeared 
and the C-O stretching vibration bands at ~1097 cm–1 
(Vuković et al. 2010) comes from amine after chitosan 
functionalized.

3.2.  Adsorption of Cd(II) and Cu(II) 

3.2.1.  Adsorption Capability to Cd(II) and Cu(II)

Four adsorbents of BC, C-Fe, CC, and CC-Fe exhib-
ited different efficiencies for Cd(II) and Cu(II) (Figure 
3). The pristine biochar had a high adsorption capabil-
ity to Cd(II) and Cu(II) (both almost 99%), but C-Fe 
which modified with magnetic property had a lower 
removal ratio of Cd(II) and Cu(II) (7% and 11%, re-
spectively). In contrast, the CC and CC-Fe modified 
with chitosan showed good efficiency for the removal 
of Cd(II) and Cu(II) (97% and 98%, respectively). And 
these removal were higher than the previous researches 

on the removal of Cd(II) and Cu(II) by adsorbents of 
kaolinite waste samples and limestone samples (Sdiri 
et al. 2012; Helios-Rybicka and Wójcik 2012). This 
meant that the removal of Cd(II) and Cu(II) by mag-
netic biochar adsorption sharply decreased while the 
high removal efficiency can be sustained by chitosan-
modified magnetic biochar. These results were in con-
sist with the removal of arsenic by the magnetic bio-
char (Zhang et al. 2013).

3.2.2.  Adsorption Kinetics

Figure 4 showed the adsorption kinetics of Cd(II) 

Figure 2.  FT-IR spectra of BC, CC, CC-Fe and C-Fe.

Figure 3.  Effect of adsorbent on Cd(II) and Cu(II) removal.
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and Cu(II) on CC-Fe which both reached sorption 
equilibrium within 7 h. At the beginning 3 h, the rate 
of Cd(II) and Cu(II) went through a rapid adsorption 
phase, and then leveled off. The relatively fast kinetics 
may be likely due to the easily accessible external sur-
face sorption sites which could be occupied by Cd(II) 
and Cu(II) via physical sorption (Mohan et al. 2014). 
And specific and irreversible sorption may be the main 
cause of slow sorption phase (Ahmad et al. 2014). In 
this study, kinetic data which was collected by the ad-
sorption kinetics of Cd(II) and Cu(II) were simulated 
by pseudo-first-order and pseudo-second-order mod-
els. The equations are listed as (Inyang et al. 2012):

First-order:

q q et e
k t= − −( )1 1

Second-order:

q k q t
k q tt
e

e
=

+
1

2

11

Where qe and qt are the quantities of Cd(II) and 
Cu(II) adsorbed at equilibrium and at time t, respec-
tively (mg g–1), and k1 (h–1) and k2 (g mg–1 h–1) is 
pseudo first-order and pseudo second-order apparent 

sorption rate constants, respectively. The fitting of the 
pseudo first-order Equation (1) is based on mononucle-
ar adsorption, while pseudo second-order Equation (2)
based on binuclear adsorption.

Table 3 presented the fitting data to the pseudo-
first-order and the pseudo-second-order model. It 
showed that both of the two, models are suitable for 
Cd(II) adsorption, of which R2 are 0.90 and 0.91, re-
spectively. And the results showed both physisorption 
and chemisorption of Cd(II) on the adsorbent (Lu et al. 
2012). However, the adsorption kinetics of Cu(II) fits 
pseudo-second-order model better (R2 = 0.93) than the 
pseudo-first-order model (R2 = 0.85), suggesting the 
chemisorption may dominate the sorption of Cd(II) by 
CC-Fe.

3.2.3.  Sorption Isotherms

The sorption isotherms were generated by varying 
the ratio of sorbate to sorbent. Langmuir and Freun-
dlich models (Inyang et al. 2012) were used to simu-
late the adsorption isotherms of Cu(II) and Cd(II) to 
the BC, CC and CC-Fe composites: 

Langmuir:

q K Q C
K Ce
L m e

L e
=

+1

Freundlich:

q K Ce F e
n=

Where Ce is the concentration of the sorbate at 
equilibrium (mg L–1); qe is the amounts of Cd(II) and 
Cu(II) adsorbed at equilibrium (mg g–1); Qm represents 
the Langmuir maximum sorption amount (mg g–1); KL 
denotes the Langmuir adsorption capacity constant that 
connected with free energy (L mg–1); KF is the Freun-
dlich adsorption constant that connected with the in-
teraction bonding energies (mmol(1 – n) Ln kg–1); and n 
denotes the Freundlich linearity index.

Table 4 shows the fitting parameters of Langmuir 
and Freundlich models. For Cd(II) and Cu(II) sorption 

Table 3.  Calculated Kinetics Parameters for Pseudo-First-order and Pseudo-second-order Models for the 
Adsorption of Cd(II) and Cu(II).

Metal

Pseudo-first-order Pseudo-second-order

qe (mg g–1) K1 (h–1) R2 qe (mg g–1) K2 (g mg–1 h–1) R2

Cu2+ 55.65 ± 3.023 2.94 ± 0.65 0.85 55.56 ± 0.156 0.01 ± 0.05 0.93
Cd2+ 87.62 ± 3.285 3.34 ± 0.51 0.90 83.68 ± 0.35 0.10 ± 0.0008 0.91

(1)

Figure 4.  Adsorption kinetic for Cd(II) and Cu(II) on the CC-Fe com-
posite.

(2)

(3)

(4)
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on BC, both of the two models fit the experimental 
sorption data better (R2 > 0.93). The Langmuir maxi-
mum sorption capacities (Qm) of BC to Cd(II) and 
Cu(II) were about 110.76 mg g–1 and 117.63 mg g–1, 
respectively. As can be seen in the Table 4, the coef-
ficient (R2) of Langmuir model is higher than those 
of Freundlich model, which indicated that the adsorp-
tion of Cd(II) and Cu(II) onto adsorbents (CC and 
CC-Fe) were mainly driven by the Langmuir surface 
adsorption mechanisms. These results were consistent 
with the previous studied adsorption mechanisms of 
Cd(II) and Cu(II) by chemical adsorption on MNPs-
EDTA and M-CNTs (Liu et al. 2013; Ihsanullah et al. 
2015). And the Qm of Cd(II) and Cu(II) sorption onto 
CC (108.70 mg g–1 and 141.18 mg g–1, respectively) 
was a little bit higher than CC-Fe (105.26 mg g–1 and 
131.19 mg g–1, respectively). Compared with Cu(II) 
sorption on pristine biochar (BC), biochar composites 
(C-Fe and CC-Fe) had higher adsorption capacities, on 
the contrary, C-Fe and CC-Fe had lower Qm of Cd(II). 
The possible reason is pristine biochar had a higher ad-
sorption capacity to Cu(II) than Cd(II). And the BET 
analysis shows BC has the highest total pore volume 
and surface area followed by C-Fe, while CC and CC-
Fe contain lower. However, BC, CC and CC-Fe have 
higher removal percentage of Cd(II) and Cu(II) than 

C-Fe. It can be seen that the adsorption of Cd(II) and 
Cu(II) is not only connected with adsorbents surface 
area, but also with other properties which control the 
interaction between adsorbates and adsorbents. The 
comparison of the maximum adsorption capacities of 
CC-Fe toward Cd(II) and Cu(II) with those of other 
sorbents was shown in Table 5. A comparison of those 
values with that obtained in the current study showed 
that CC-Fe exhibited considerable capacities for cop-
per and cadmium adsorption from aqueous solutions. 
The higher adsorption capacities of CC-Fe may be as-
cribed to both the multi-groups of biochar and chito-
san. The chitosan covered on the surface of biochar ad-
sorbed Cd(II) and Cu(II) via amino or hydroxyl groups 
in chitosan chains coordinated with heavy metal ions. 
Meanwhile, on the basis of the functional groups of the 
biochar, biochar uncoated chitosan also could make ef-
forts to surface complexation and/or precipitation.

3.3.  Magnetic Properties of Chitosan-modified 
Magnetic Biochar

A magnetic hysteresis curve for CC-Fe was used at 
300°C to investigate its magnetic properties (Figure 5). 
The composite showed superparamagnetism proper-
ties and the saturation magnetization of CC-Fe was 9.5 

Table 4.  Langmuir and Freundlich Isotherm Constants for Cd(II) and Cu(II) Adsorption onto  
Pristine Biochars (BC) and Biochar Composites (CC-Fe and CC).

Metal Sorbent

Langmuir Freundlich

Qm (mg g–1) KL (L mg–1) R2 KF (mg1 – n Ln g–1) n R2

Cu2+

BC 117.63 ± 2.95 2.46 ± 0.235 0.99 4.11 ± 0.287 0.28 ± 0.012 0.93
CC-Fe 131.19 ± 5.26 0.13 ± 0.016 0.93 16.09 ± 0.188 0.38 ± 0.006 0.88

CC 141.18 ± 1.510 0.19 ± 0.003 0.95 32.11 ± 0.763 0.26 ± 0.003 0.93

Cd2+

BC 110.76 ± 1.92 20.91 ± 1.36 0.99 4.88 ± 0.244 0.21 ± 0.087 0.99
CC-Fe 105.26 ± 0.90 0.11 ± 0.004 0.95 30.76 ± 0.772 0.25 ± 0.006 0.94

CC 108.70 ± 0.002 0.38 ± 0.0025 0.86 53.61 ± 0.393 0.17 ± 0.001 0.85

Table 5.  Comparison of the Cd(II) and Cu(II) Adsorption Capacities of CC-Fe and  
Different Absorbents in the Literature.

Heavy Metal Adsorbent qmax (mg/g) References

Cu2+

Treating Fe3O4 nano-particles with gum arabic 38.50 [30]
Diatomite from Algeria 20.27 [31]

Monodisperse chitosan-bound Fe3O4 nano-particles 21.50 [32]
Chitosan-modified magnetic biochar 131.19 This work

Cd2+

Sodium hydroxide treated rice husk 20.24 [33]
M-AC 15.90 [29]

Crosslinked chitosan–clay beads 72.31 [34]
Chitosan-modified magnetic biochar 105.26 This work



Q. SONG, B. YANG, H. WANG, S. XU and Y. CAO204

emu/g which was very lower than that of pure Fe2O3 
materials (76.0 emu/g) (Zhu et al. 2007). The reason 
may be the cover of chitosan decrease the magnetiza-
tion. In addition, the small particle effect of a noncol-
linear spin arrangement which appeared at the superfi-
cial layer, led to the attenuation of magnetic moment 
in Fe2O3. However, the CC-Fe composite obviously 
showed a good magnetic property which made the ad-
sorbent separated by a permanent magnet easily (Fig-
ure 5). The magnetic property of CC-Fe is crucially 
important for the potential recycling use in the removal 
of Cd(II) and Cu(II) from liquid solution. 

4.  CONCLUSIONS

In this work, chitosan-modified magnetic biochar 
was synthesized. And the CC-Fe was applied to re-
move heavy metals in aqueous solution. The CC-Fe 
not only could effectively remove Cd(II) and Cu(II) 
from aqueous solutions, but also can be separated eas-
ily by magnet due to its high magnetic response. The 
chitosan-modified magnetic biochar is a high efficiency 
and cost-effective adsorbent for the dislodge of Cd(II) 
and Cu(II). Biochar played the role as the skeleton and 
the functional groups of both chitosan and biochar may 
contribute to the removal. The recycling of the spent 
chitosan-modified magnetic biochar composite had 
great advantage over the traditional modified biochar 
adsorbents. 
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Modifications of Concentrations of Plant Macronutrient  
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ABSTRACT: The goal of this study was to establish a system for converting digestate 
from anaerobic digestion processes into liquid fertilizer for soilless culture. Modifica-
tions of concentrations of plant macronutrient ions during nitrification processes were 
investigated with digestate from a simulated municipal organic waste. Concentrations 
of phosphate and calcium ions in the nitrified digestate increased; the rates of increase 
were 15.3 mg L–1 d–1 and 17.6 mg L–1 d–1, respectively. Moreover, concentrations of 
macronutrient ions, except for magnesium, in the nitrified digestate were similar to those 
in a standard nutrient solution that is commonly applied to soilless culture.

INTRODUCTION

ANAEROBIC digestion is one of the most promis-
ing biomass conversion technologies [1,2,3]. With 

this technology, micro-organisms gradually decompose 
organic matter (e.g., carbohydrates, proteins and fats) 
via anaerobic processes which are basically hydroly-
sis, acidogenesis, acetogenesis and methanogenesis, 
into biogas and digestate [4,5,6]. Biogas can be used as 
a source of renewable energy [7,8], and the digestate 
can potentially be used as a fertilizer for extensive ag-
ricultural fields [9]. However, in large cities and their 
suburbs, there is typically not enough area to apply the 
digestate. Additionally, transportation of the digestate 
to distant agricultural fields is unrealistic because of 
the high associated costs [10]. For these situations, it 
will be necessary to develop other utilization methods 
for efficiently use of the digestate [9,11]. In this study, 
we propose a system for converting digestate from an-
aerobic digestion processes into liquid fertilizer that 
can be applied to soilless horticultural crops, which 
can be grown feasibly in urban areas. Soilless culture 
is receiving increasing attention in sustainability stud-
ies because the plants can be grown in greenhouses at 
high yields and with more efficient use of water and 
fertilizers; such crops also allow for mechanization of 
maintenance tasks and disease control (e.g., [12]).

When anaerobic digestate is used as liquid fertilizer 
in soilless culture, one type of problem encountered is 
that it contains an excess amount of ammonium ions 
(NH )4

+  [11,13,14] which were produced by degrada-
tion of proteins in anaerobic conditions [15]. This will 
lead to toxicity in many plant species, although the 
NH4

+  toxicity can be alleviated by co-provisioning of 
nitrate ions (NO )3

−  [16,17]. Additionally, the growth 
media used in soilless culture cannot support the con-
version of NH4

+  into NO3
− ;  for example, with coconut 

fiber and rockwool, which are common substrates for 
soilless culture, hardly any of the NH4

+  was nitrified 
[18]. Therefore, it is necessary to convert NH4

+  into 
NO3

−  in the digestate before applying the material to 
soilless culture, and nitrification (biological conversion 
of NH4

+  into NO3
− )  has been widely used for this pur-

pose [19,20]. Botheju et al. reported that about 75% 
of NH -N4

+  in digestate was removed in a sequential 
batch reactor process primarily through the conver-
sion of NH -N4

+  into NO -N3
−  [13]. However, research 

on the nitrification of digestate with other nitrification 
processes (e.g., fixed bed reactors, moving bed biofilm 
reactors) is limited. 

In order to assess the effectiveness of nitrification 
processes as treatment methods for anaerobic digestate 
that is to be applied to soilless culture, it is necessary 
to know modifications of concentrations of plant nutri-
ent ions in it during nitrification processes, which are 
absorbed by plants primarily as inorganic ions [21]. 
Zhang et al. reported that the phosphorus (P) in the di-*Author to whom correspondence should be addressed.  
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gestate was released into the solution as phosphate ions 
by lowered pH levels when hydrochloric acid (HCl) 
was added [22]. Mehta and Batstone reported that ad-
ditions of HCl, which reduced the pH of the digestate, 
were associated with the release of ionic species of P, 
calcium (Ca), and magnesium (Mg) [23]. According 
to these studies, we hypothesize that concentrations 
of phosphate, calcium and magnesium ions will be in-
creased by the lowered pH levels induced by nitrifi-
cation together with conversion of NH4

+  into NO3
− ,  

during nitrification processes of the digestate.
In the present study, modifications of concentrations 

of plant macronutrient ions during nitrification of di-
gestate from anaerobic digestion of municipal organic 
waste were investigated, using a moving bed biofilm 
reactor (hereinafter called “MBBR”) which is known 
to be efficient for NH -N4

+  removal and stable under 
high or variable conditions [24]. In addition, concen-
trations of plant macronutrient ions in the nitrified di-
gestate were compared with those in a standard nutri-
ent solution. Moreover, as the nitrified digestate must 
be filtered prior to practical usage as liquid fertilizer in 
soilless culture to ensure chemical stability and prevent 
clogging in the fertilizer supply system, and because 
liquid fertilizer is usually used at pH values ranging 
from 5.5 to 6.5, influences of filtrate pH levels on the 
concentrations of plant macronutrient ions in the nitri-
fied digestate were also assessed.

MATERIALS AND METHODS

Moving Bed Biofilm Reactor

The schematic diagram of the experimental set-up 
is shown in Figure 1. A MBBR with a total liquid vol-
ume of 150 L [Figure 1(b)] was used in this study. 
Cubic polyolefin carriers (Figure 2, Sekisui Chemi-

Figure 1.  Schematic diagram of the experimental set-up. (a) Anaerobic digester (mesophilic continuously stirred tank type, 
200 L, water temperature of 37.0 ± 1.0°C). The feedstock for this reactor was a simulated organic fraction of municipal solid 
waste that was dJluted 3 times with deionized water. (b) Moving bed biofilm reactor (150 L, water temperature of 21.5 ± 
1.0°C, dissolved oxygen at 2.5 ± 1.0 mg L–1) The feedstock for this reactor was digestate from the anaerobic digestion that 
was diluted 3 times with deionized water. (c) Membrane filtration apparatus (a pore size of 0.20 μm). (d) Effluent storage 
tank (300 L, ambient temperature). AP indicates the air pump.

Figure 2.  Cubic polyolefin carriers (10 mm × 10 mm ×10 mm) used 
in this equipment.
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cal, Japan) with sizes of 10 mm were added to the 
system, and these occupied 20% of the total liquid 
volume. A diffuser placed at the bottom of the reactor 
was used for the oxygen supply and to mix the mate-
rials in the reactor. The reactor was inoculated with 
waste activated sludge (150 L) that was collected from 
a community sewage treatment facility located in Osa-
ka, Japan. Feedstocks of 15 L were fed into the MBBR 
once a day for five days each week. The nitrified diges-
tate in the MBBR was continuously removed and fed 
into the membrane filtration apparatus at volumes of 
9 L d–1 (during three days of feedstock addition) or
4.5 L d–1 (two days when the feedstock was not fed into 
the MBBR and two days during feedstock addition) 
[Figure 1(c)], Toyobo Engineering, Japan). In addition, 
a volume of the nitrified digestate equal to 6 L was re-
moved once a day for five days each week before each 
feedstock addition for stable operation of the MBBR 
and the membrane filtration apparatus. Thus, on a 
weekly basis, a total of 75 L of feedstock were added 
to the MBBR, 45 L of the nitrified digestate were re-
moved for experimental work, and 30 L of the nitrified 
digestate were removed to keep the system stable. The 
module type used in the membrane filtration apparatus 
was a hollow fiber membrane with a pore size of 0.20 
µm, and it was made of polyvinylidene fluoride. The 
reactor was operated at 21.5 ± 1.0°C, and dissolved 
oxygen (DO) was maintained at 2.5 ± 1.0 mg L–1 in 
the system.

Feedstock for the MBBR

The feedstock for the MBBR was digestate ob-
tained from an anaerobic digester (a mesophilic con-
tinuously stirred tank type digester operated at a water 
temperature of 37.0 ± 1.0°C), and a total liquid vol-
ume of 200 L was used [Figure 1(a)]. The feedstock 
was diluted 3 times with deionized water before feed-
ing it into the MBBR. The digester started operation 
in synchrony with the MBBR and was inoculated with 
200 L of digestate that came from an anaerobic diges-
tion plant that treats animal manure and food wastes; 
the plant is located in Kyoto, Japan. The feedstock for 
the digester was termed a “simulated organic fraction 
of municipal solid waste” (hereinafter called “simu-
lated OFMSW”) following a previous report (Table 1, 
[25]). The simulated OFMSW was diluted 3 times with 
deionized water and pulverized before feeding it into 
the digester. Aliquots of this material (5 L) were then 
fed into the system’s digester once a day for five days 
each week.

Chemical Analyses

Concentrations of total nitrogen (T-N) and organic 
nitrogen (Org-N), pH, and DO were measured in ac-
cordance with Standard Methods for the Examination 
of Water and Wastewater [26]. Concentrations of mac-
ronutrient ions were analyzed by using an ion chro-
matograph (LC-10A, Shimadzu, Japan) equipped with 
a Shim-pack IC-A3 column (anion) and Shim-pack IC-
SC1 column (cation) that employed an electric conduc-
tivity detector. The oven temperature was 40°C. Elu-
ents included p-hydroxybenzoic acid/bis-tris (anion) 
and sulfuric acid (cation). Eluent flow rates were set to 
1.5 mL min–1 (anion) and 1.2 mL min–1 (cation). The 
injected sample volume was 1 mL.

Calculation Method for Change Rates of 
Concentrations of Macronutrient Ions in the 
MBBR

Concentrations of macronutrient ions, T-N, and 
Org-N in the digestate, the diluted digestate, and the 
nitrified digestate were periodically analyzed after day 
53. Many of the samples showed steady values after 
day 168. In this situation, concentrations of macronu-
trient ions, T-N, and Org-N immediately after feeding 
and a day after feeding the diluted digestate into the 
MBBR were calculated from Equations (1) and (2) by 
using the values from day 168, day 175, and day 189, 
respectively. Moreover, change rates were calculated 
from Equation (3).

Table 1.  The Composition of the Simulated Organic 
Fraction of Municipal Solid Waste.

Materials
Proportion of a 

Net Weight Basis (%)

Fruit

Apple 10
Grapefruit (rind) 5
Orange (rind) 5
Banana (rind) 10

Vegetable
Cabbage 12

Potato 12
Carrot 12

Meat and Fish
Meat 5

Fish (with bone) 5
Egg 4

Staple Food

Rice 10
Bread 5
Noodle 2.5

Chinese noodle 2.5
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where Const (mg L–1) represents the concentrations of 
macronutrient ions, T-N, and Org-N in the MBBR im-
mediately after the diluted digestate was fed into the 
reactor; Conin (mg L–1) represents the concentrations 
in the diluted digestate; Volin is the quantity of diluted 
digestate fed into the MBBR (15 L); Conef (mg L–1) 
represents the concentrations in the nitrified digestate 
that was removed before each feeding of the diluted 
digestate; Volre is the total liquid volume of the MBBR 
immediately after the nitrified digestate was withdrawn 
(135 L); VolM is the total liquid volume of the MBBR 
(150 L); Conen (mg L–1) represents the concentrations 
a day after the feeding in the MBBR; Concr (mg L–1 
d–1) represents the change rates of concentrations in the 
MBBR; and T is the time (d).

Influences of pH on Concentrations of Phosphate 
and Calcium Ions in a Mixed Solution of the 
Diluted Digestate and Nitrified Digestate with or 
without Filtration 

Influences of decreases in the pH on concentrations 
of phosphate and calcium ions were assessed by add-
ing nitric acid to a mixed solution of the diluted di-
gestate and nitrified digestate; the mixed solution was 
prepared in the same volumetric ratio (1:9) as that used 
in the MBBR (hereinafter called “the mixed solution”). 
The mixed solution (50.0 mL) was added to a beaker 
and was stirred by using a magnetic stirrer (200 rpm). 
A known amount of nitric acid (6.9 wt%) was then add-
ed to the mixed solution every 120 min. The pH of the 
mixed solution was measured immediately before each 
addition of the nitric acid. At the same time, a sample 
was collected and concentrations of phosphate and cal-
cium ions in the sample were analyzed.

In the filtration procedures, the mixed solution was 
filtered through a 0.45-μm pore diameter membrane 
filter (Advantec, Japan) according to Standard Meth-
ods [26]. Influences of decreases in the pH on concen-
trations of phosphate and calcium ions in the filtrate of 
the mixed solution were also assessed by adding nitric 
acid (1.0 wt%) to the filtrate. 

Influences of pH on Concentrations of 
Macronutrient Ions in the Filtrate of the Nitrified 
Digestate

Influences of increases in the pH on concentrations 
of macronutrient ions in the filtrate of the nitrified di-
gestate were assessed by adding sodium hydroxide (1.0 
wt%) to the filtrate. The filtrate of nitrified digestate 
was collected from the membrane filtration appara-
tus. Other experimental procedures were the same as 
above.

Statistical Analyses

Pearson’s correlation analysis and simple regression 
analysis were used to evaluate the correlations between 
data sets. In addition, paired t-tests were used to evalu-
ate the significance of differences between data sets. 
Calculations were carried out by using the software 
“Statcel 3” (Yanai 2011). P < 0.05 was considered sta-
tistically significant.

RESULTS AND DISCUSSION

Concentrations of the nitrogen forms in the MBBR 
immediately after the diluted digestate was fed into it 
and a day after the feeding are shown in Table 2. The 
concentrations of T-N decreased significantly. The de-
crease rate was 9 mg L–1 d–1 which might be because 
of uptake by biofilm communities, stripping of am-
monia, etc., and this decrease corresponded to 1.7% of 
the concentration of T-N immediately after feeding of 
the diluted digestate. The concentrations of NH -N4

+  
also decreased significantly, and the decrease rate was 
24 mg L–1 d–1. At the same time, the concentrations of 
NO -N3

−  increased significantly, and the increase rate 
was 25 mg L–1 d–1. In addition, regarding Org-N, no 
significant differences were detected between concen-
trations immediately after the feeding of the diluted di-
gestate and a day after the feeding; the concentrations 
of nitrite-N (NO -N)2

−  both immediately after the feed-
ing of the diluted digestate and a day after the feeding 
were N.D. (not detected). These results indicate that 
the increase of NO -N3

−  concentrations over the course 
of a day were mainly due to the conversion of NH -N4

+  
into NO -N.3

−  The increase of NO -N3
−  throughout 

each day corresponded to 83% of the NH -N4
+  added 

by the diluted digestate, which was a little more than 
the value (about 75%) reported by Botheju et al. [13].

Concentrations of phosphate, potassium, calcium 
and magnesium ions in the MBBR immediately after 

(1)

(2)

(3)
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the diluted digestate was fed into the system and a day 
after the feeding are shown in Table 3. There was no 
significant difference in regards to the potassium ions, 
while the concentrations of phosphate and calcium 
ions increased significantly; the increase rates were 
15.3 mg L–1d–1 and 17.6 mg L–1d–1, which correspond-
ed to 11.1% and 9.3% of that immediately after feeding 
of the diluted digestate, respectively. These increases 
will be advantageous for plant growth because plants 
absorb essential nutrients primarily as inorganic ions 
[21]. 

Results of the experiment performed to assess in-
fluences of pH on concentrations of phosphate and 
calcium ions in the mixed solution are shown in Fig-
ure 3. Concentrations of phosphate and calcium ions 
increased following the decrease of pH values, and 
statistically significant correlations were observed be-
tween pH values and concentrations of phosphate and 
calcium ions (Pearson’s correlation coefficients (r) = 
–0.97 for both ions); regression coefficients were –17.9 
and –23.5, respectively. 

As previously mentioned, in the MBBR, nitrifica-
tion of digestate was advanced (the concentration of 
NH -N4

+  decreased at the rate of 24 mg L–1 d–1, where-
as the concentration of NO -N3

−  increased at the rate of 
25 mg L–1 d–1). The nitrification promotes a decrease 
of pH (2 moles of H+ released by converting each mole 
of NH4

+  into NO )3
−  [27]. Practically, in the MBBR, 

the pH of 5.9–6.1 immediately after feeding of the 
diluted digestate decreased to 4.0–4.2 a day after the 
feeding. In addition, results of the experiment to as-
sess influences of pH on concentrations of phosphate 
and calcium ions indicated that these concentrations 
increased following the decrease of pH values. Ac-
cording to these results, increase of concentrations of 
phosphate and calcium ions in the MBBR might have 
been caused by the decrease of pH values following 
nitrification processes. In literatures [27,28,29], it was 
reported that dissolution of phosphate driven by acidi-
fication induced by nitrification could be dominant 
among other biological and chemical reactions (e.g., 
uptake by microorganisms). 

According to the regression coefficients between pH 
values and concentrations of phosphate and calcium 
ions in the laboratory beaker experiment, the increases 
of concentrations were estimated to be 34.0 mg L–1 
and 44.7 mg L–1, respectively, when the pH values 
decreased from 5.9–6.1 to 4.0–4.2. These values were 
larger than those in the MBBR (15.3 mg L–1 and 17.6 
mg L–1). These differences might have been caused 
by differences of biological uptake, adsorption, etc. 
[30,31,32] but more studies are needed.

Moreover, the results of the experiment that was 
performed to assess the effects of pH on concentra-
tions of phosphate and calcium ions in the filtrate of 
the mixed solution are shown in Figure 4. In the fil-

Table 2.  Concentrations of the Various Forms of Nitrogen in the MBBR Immediately After Feeding  
of the Diluted Digestate and a Day After the Feeding.

T-N
(mg L−1)

NH -N
(mg L

4
1

+

− )
NO -N

(mg L
3

1

−

− )
NO -N

(mg L
2

1

−

− )
Org-N

(mg L−1)

Concentretions in the MBBR immediately after feeding of diluted digestate 535 ± 6 85 ± 6 227 ± 14 N.D.b 223 ± 21
Concentretion in the MBBR a day after the feeding 527 ± 7 61 ± 8 253 ± 15 N.D. 213 ± 24
P valuea 0.006 0.011 0.004 – 0.084
Each value represents a mean ± standard error (n = 3).
aP values were calculated by using a paired t-test.
bN.D., not detected.

Table 3.  Concentrations of Macronutrient Ions in the MBBR Immediately After Feeding 
of the Diluted Digestate and a Day After the Feeding.

Phosphate 
Ions 

(mg L–1)

Potassium 
Ions 

(mg L–1)

Calcium 
Ions 

(mg L–1)

Magnesium 
Ions 

(mg L–1)

Concentretions in the MBBR immediately after feeding of diluted digestate 137.9 ± 11.9 270.2 ± 19.4 189.0 ± 22.3 N.D.b

Concentretion in the MBBR a day after the feeding 153.2 ± 13.2 274.8 ± 20.5 206.6 ± 24.7 N.D.
P valuea 0.007 0.073 0.018 –
Each value represents a mean ± standard error (n = 3).
aP values were calculated by using a paired t-test.
bN.D., not detected.
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trate, statistically significant correlations were also ob-
served between the pH values and concentrations of 
phosphate and calcium ions (r = –0.95 and r = –0.58, 
respectively). The regression coefficients for phos-
phate and calcium were –9.5 and –1.5, respectively. 
According to the regression coefficients for the mixed 
solution and for the filtrate, the ratios of the increasing 
concentrations of phosphate and calcium ions in the fil-
trate against those in the mixed solution for the same 
decrease of pH were 53.1% and 6.4%, respectively. 
These results indicate that the increase of calcium ions 

following the decrease of pH in the mixed solution was 
mainly the result of ionization of the materials remain-
ing on the filter (pore size; 0.45 μm), while the increase 
of phosphate ions was the result of both ionization of 
the materials remaining on the filter and those in the 
filtrate.

Concentrations of macronutrient ions in the nitri-
fied digestate and a standard nutrient solution used for 
soilless culture (Enshi-shoho, [33,34,35]) are shown 
in Table 4. Concentrations of macronutrient ions in 
the nitrified digestate were similar to the Enshi-shoho 

Figure 3.  Simple regression analysis between pH values and concentrations of phosphate or calcium 
ions in a mixed solution of the nitrified digestate and the diluted digestete in the same volume ratio as 
in the MBBR (9:1) The pH was reduced by adding nitric acid (6.9 wt%) to the samples. x, pH values; y, 
concentration of phosphate or calcium ions: and r, Pearson's carrelation coefficient.

Figure 4.  Simple regression analysis between pH values and concentrations of phosphate or calcium 
ions in a filtrate of the mixed solution of the nitrified digestate and the diluted digestate in the same 
volume ratio as in the MBBR (9:1). The pH was reduced by adding nitric acid (1.0 wt%) to the samples. 
x, pH values; y, concentration of phosphate or calcium ions: and r, Pearson’s correlation coefficient.
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except for magnesium. The results of the experiment 
performed to assess the effects of pH on concentra-
tions of macronutrient ions in the filtrate of the nitri-
fied digestate showed that there were no significant 
differences (n = 3) between the concentrations of 
macronutrient ions at pH 4.1 (the initial pH) and those 
at pH 4.9 and 5.8 that were increased by the addi-
tion of sodium hydrate, except for at pH 5.8 regarding 
potassium ions. The concentration of potassium ions 
increased significantly, and the increase corresponded 
to 2.2% of the initial concentration. These results in-
dicate that the concentrations of macronutrient ions in 
the filtrate of the nitrified digestate were also similar 
to the Enshi-shoho except magnesium in the same pH 
range as that in liquid fertilizers usually used for soil-
less culture. 

Overall, the results of this study indicate that con-
centrations of phosphate and calcium ions were in-
creased together with conversion of NH4

+  into NO3
− ,  

during nitrification of the digestate from anaerobic di-
gestion, and the filtrate of the nitrified digestate could 
be a viable substitute for standard nutrient solutions in 
soilless culture if the macronutrients are supplemented 
with magnesium.
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ABSTRACT: The objective of this study was to investigate the impact of sludge con-
ditioning temperature on the optimum polymer dose, and thickening and dewatering 
performance of polymers used for sludge conditioning. Thickening and dewatering per-
formance was investigated at 10°C, 35°C, 50°C, 60°C, and 100°C using filtration, capil-
lary suction time (CST), and settling tests and zeta potential measurements. A high mo-
lecular weight and medium-high cationic charge polyacrylamide polymer (Zetag 8160) 
was used to condition sludge. Results showed that 50°C was the sludge temperature 
that resulted in the best settling, thickening and dewatering using the least amount of 
polymer, and 35°C was also effective.

1.  INTRODUCTION

THE cost of sludge management constitutes ap-
proximately half of the cost of wastewater treat-

ment [1], and the quantities continue to increase as new 
wastewater treatment plants are built and the existing 
ones are upgraded to keep up with the growing popu-
lation and stricter regulations. Sludge thickening and 
dewatering play a key role in reducing the treatment 
and final disposal costs at wastewater treatment plants. 
Cationic polymers are used for both thickening and de-
watering processes, and the optimization of their use 
would substantially improve the performance of these 
processes. Both under-dosing and over-dosing lead to 
poor settling and dewatering, and therefore it is impor-
tant to use polymers at the optimum dose [2]. More-
over, polymers are one of the most expensive chemi-
cals used for wastewater treatment, and using polymers 
at the optimum dose and under optimum conditions 
would help to achieve major savings for wastewater 
treatment plants. 

To maximize the polymer efficiency and minimize 
the polymer use, several parameters can be optimized 
including operational parameters, sludge characteris-
tics and environmental conditions. These include mix-
ing used during conditioning [3,4], shear exposure af-
ter conditioning [5], polymer type and chemistry [6], 

pH [7], metal ions [8], ionic effects [9,10], extracel-
lular polymers [11] as well as sludge temperature. It 
has been known that cold temperatures are not ideal for 
conditioning but there have not been extensive studies 
on the effect of sludge temperature on sludge condi-
tioning, thickening and dewatering. Polymers are typi-
cally dosed at room temperature; however, wastewater 
and sludge temperatures may vary largely based on the 
seasonal variations and the treatment processes used at 
treatment plants. 

Heating sludge is very costly and therefore it is not 
typically used to improve conditioning unless heating 
is part of the treatment process. In recent years, there 
has been a major interest in the use of new and innova-
tive thermal processes for sludge pre-treatment, treat-
ment or dewatering. These processes include thermal 
and thermochemical hydrolysis [12], incineration [13], 
wet air oxidation [14], and super-critical water oxi-
dation [15,16]. The thermal processes require sludge 
temperatures to be increased to mid (25–55°C), high 
(55–100°C), or very high (>100°C) temperatures in 
pressurized systems, and a step-wise temperature in-
crease in the process can potentially be used to im-
prove the performance of thickening and dewatering, 
which would also improve the performance of thermal 
processes. This approach would not add any additional 
costs for heating sludge before conditioning. At higher 
temperatures, water molecules are more active and it 
is easier to break the particle-particle and the particle-
liquid interactions [17]. 

The objective of this study was to investigate the 
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impact of sludge temperature on the optimum poly-
mer dose and conditioning of wastewater sludge, and 
improve the performance of settling, thickening and 
dewatering processes by using the optimum tempera-
ture required for conditioning. The sludge temperature 
range selected for the study was 10–100°C, which can 
be employed at wastewater treatment plants without 
the need for non-pressurized systems.  

2.  MATERIALS AND METHODS

2.1.  Preparation of Sludge Samples

Anaerobically digested sludge samples were col-
lected from a wastewater treatment plant in Ontario, 
Canada once a week. The plant digests mixed prima-
ry and secondary sludge under mesophilic tempera-
tures. Sludge samples were stored in a refrigerator, 
and samples were brought to room temperature before 
use. A hot plate was used to increase the temperature 
of samples to 10°C, 35°C, 50°C, 60°C, and 100°C in 
2 L glass beakers while being stirred at 200 rpm. After 
reaching the target temperature, sludge samples were 
conditioned with polymer as explained below. 

2.2.  Preparation of Polymer Stock Solution

The polymer used in this study was Zetag 8160 
(BASF), which is a polyacrylamide, medium-high cat-
ionic charge, high-molecular-weight polymer that is in 
granular solid form. This was also the polymer that was 
used at the treatment plant for sludge dewatering. The 
polymer stock solution was prepared at a concentration 
of 0.5% using a jar tester (PB-700 Jartester, Phipps & 
Bird Inc., USA). Five g of Zetag 8160 polymer was 
mixed with 1 L of deionized water, and stirred for first 
5 min at 200 rpm followed by 55 min at 125 rpm. A 
hand-held blender was used to break up the remaining 
polymer clumps and the polymer stock solution was 
left for maturation.

2.3.  Conditioning of Sludge Samples with Polymer

Sludge samples of 200 mL volume were spiked with 
polymer and mixed in 500 mL beakers using a jar tester 
apparatus (PB-700 Jartester, Phipps & Bird Inc., USA). 
Polymer doses were selected to cover the under-dose, 
optimum dose and over-dose polymer ranges, rapidly 
injected into the sludge samples, and mixed at 200 
rpm for 2 min and 30 sec. After conditioning, sludge 
samples were used for the settling, filtration, capillary 

suction time (CST) and zeta potential tests as explained 
below. All experiments were run in triplicate and the 
average values are shown in the figures. Polymer doses 
are reported as g/kg DS (dry solids). 

2.4.  Evaluation of Thickening and Dewatering 
Performance

2.4.1.  Capillary Suction Time (CST) Test

Capillary suction time (CST) test was used to evalu-
ate the dewaterability of sludge samples after condi-
tioning with polymer. CST test measures the time it 
takes for filtered water to travel between two sensors, 
and shorter CST times indicate better filtration proper-
ties. A CST tester (Type 319 Multi-CST, Triton Elec-
tronics Ltd., England) was used with the CST paper 
(No. 17 chromatography grade paper cut into 7 cm × 
9 cm, Whatman PLC), and the protocol outlined in the 
Standard Methods [18] was followed.  

2.4.2.  Filtration Test

Conditioned sludge samples of 200 mL were filtered 
for 3 minutes using 55 mm-diameter coarse filters 
(Fisher Scientific Ltd.) and a vacuum pump. Filtrate 
volume and total solids concentration of the cake re-
maining on the filter were measured after filtration. 
Total solids concentration of the cake was determined 
following the protocol in the Standard Methods [18]. 

2.4.3.  Zeta Potential Test

After the filtration tests, 10 mL of the filtrate from 
each sample was used for measuring the zeta potential. 
The filtrate samples were diluted by 10 times and 10 
particles were tracked to get the average zeta potential 
measurement for each sample. Zeta potential measure-
ments were performed using a zeta meter (Zeta-Meter 
System 4.0, GENEQ Inc.) operated at the default cell 
parameters of 200 V and 25°C. Samples that were con-
ditioned and dewatered at higher temperatures were 
cooled down to 25°C before the zeta potential mea-
surements. 

2.4.4.  Settling Test

Settling tests were carried out in 100 mL graduat-
ed cylinders in triplicate. 100 mL of the conditioned 
sludge sample was transferred to each graduated cyl-
inder and the height of the interface between the solid 
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and the liquid phases was recorded for 30 minutes. The 
final height of the interface indicates the settling and 
thickening performance of the conditioned sludge. Af-
ter the settling curves were established, the slopes of 
the lines before the inflection point (first 60 seconds) 
were used to calculate the settling velocities.   

3.  RESULTS AND DISCUSSION

3.1.  Sludge Conditioning at 10°C 

Figure 1 illustrates the results from the CST and fil-
tration tests after conditioning sludge at 10°C by add-
ing the Zetag 8160 polymer. In the under-dose range, 
filtrate volume and cake solids concentration increased 
gradually as the polymer dose approached the opti-
mum dose. At the same time, a decrease in CST was 
observed which indicated water was rapidly released 
from conditioned sludge. At or around the optimum 
dose, the filtrate volume and cake solids reached their 
maximum values and CST reached its minimum value. 
In the over-dose range, deterioration in filterability was 
observed which was indicated by an increase in CST 
and decreases in filtrate volume and cake solids. Based 
on the results illustrated in Figure 1, optimum polymer 
dose at 10°C was determined to be 19.5 ± 0.7 g/kg DS 
(dry solids) with a CST of 20.0 ± 0.6 s, filtrate volume 
of 143 ± 5 mL, and cake solids of 7.7 ± 0.3 %. 

The results from the zeta potential measurements 
are shown in Figure 2. Zeta potential is the electric po-
tential of the particle and the surrounding double layer 
at the slipping plane and indicates the magnitude of the 

attraction-repulsion forces between particles. A strong 
negative or positive charge would indicate the stabil-
ity of the particles in the solution, and at or around 
the optimum polymer dose zeta potential approaches 
zero [19,20]. Sludge particles are negatively charged 
and therefore zeta potential values are negative in the 
under-dose range. Increasing the cationic polymer dose 
gradually decreases the magnitude of the negative zeta 
potential, and the zeta potential reaches a value of zero 
at the optimum dose. When the optimum dose is ex-
ceeded, zeta potential values obtain a positive charge 
that increase in magnitude with continuing polymer 
addition. The zeta potential measurements illustrated 
in Figure 2 point to an optimum dose of 19.44 g/kg DS, 
which is in accord with the optimum dose determined 
with the CST and filtration tests.  

Settling test results showing the settling behaviour 
and the final interface height of the samples are pre-
sented in Figure 3 and Table 1. The initial height of the 
solids-liquid interface was 17.8 cm for all samples. All 
samples settled rapidly in the first minute; however, the 
sample that was conditioned at 20 g/kg DS had the high-
est settling velocity (6.5 cm/min) compared to the sam-
ples that were conditioned at lower or higher polymer 
doses. Differences in the settling height of the interfac-
es were clearly seen in the first 5 minutes. The height 
of the final interface was lowest (9.1 cm) for the sludge 
sample conditioned at 20 g/kg DS indicating the best 
settling and compaction of solids among the doses test-
ed. At polymer doses lower or higher than 20 g/kg DS, 
the height of the final interface gradually increased and 

Figure 1.  CST, filtrate volume and cake solids at 10°C in the under-
dose, optimum dose, and over dose ranges.

Figure 2.  Zeta potential measurements at 10°C at increasing poly-
mer doses.
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was 11.8 cm at 24 g/kg DS and 10.2 cm at 18 g/kg DS. 
These results indicated that 20 g/kg DS was the opti-
mum polymer dose among the doses tested. 

3.2.  Sludge Conditioning at 35°C   

Sludge conditioning experiments were repeated at 
35°C using the same polymer. Based on the results of 
the filtration and CST tests, the optimum polymer dose 
range emerged as 19.3 ± 1.4 g/kg DS (Figure 4), which 
resulted in 13.9 ± 0.4 s of CST, 161 ± 2 mL of fil-
trate volume and 11.0 ± 0.3% of cake solids. The zeta 
potential values of the particles in the filtrate samples 
are shown in Figure 5. The polymer dose where the 
zeta potential reached a neutral value was around 19.41 
g/kg DS, which confirms the optimum dose range de-
termined with the filtration and CST tests (Figure 4). 

Figure 6 illustrates the settling test results from 
sludge samples conditioned at 35°C. Increasing the 
polymer dose improved the settling characteristics of 
sludge, and the lowest interface height (7.2 cm) after 

30 min. of settling was observed at the polymer dose of 
21 g/kg DS, which is in agreement with results shown 
in Figures 4 and 5. The adjacent lower and higher poly-
mer doses were 16 g/kg DS and 26.5 g/kg DS, and the 
interface height corresponded to 7.5 cm and 8.8 cm at 
these doses.

Table 2 illustrates the calculated average settling ve-
locities as well as the final interface heights recorded 
at each dose. The fastest settling (10.5 cm/min) oc-
curred at 21 g/kg DS, which was the optimum dose. 
When the polymer dose was lower or higher than 
21 g/kg DS, settling velocities decreased proportional 
to the increase or decrease in the polymer dose. 

Table 1.  Final Interface Heights (30 minutes) and 
Average Settling Velocities (60 s) at 10°C.

Polymer Dose 
(g/kg DS)

Final Interface Height 
(cm)

Settling Velocity 
(cm/min)

16.0 11.3 5.8
18.0 10.2 5.8
20.0 9.1 6.5
24.0 11.8 5.2
32.0 11.9 5.3

Figure 3.  Settling test results at 10°C after 30 minutes of settling.

Figure 4.  CST, filtrate volume and cake solids at 35°C in the under-
dose, optimum dose, and over dose ranges. 

Figure 5.  Zeta potential measurements at 35°C at increasing poly-
mer doses.
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3.3.  Sludge Conditioning at 50°C

Figure 7 illustrates the results from the filtration 
and CST tests after conditioning sludge at 50°C. The 
lowest CST (11.8 ± 0.6 s) and the highest filtrate vol-
ume (165 ± 3 mL) and cake solids (11.5 ± 0.4 %) were 
measured at 19.2 ± 0.9 g/kg DS. Zeta potential mea-
surements also indicated the optimum dose as 19.40 
g/kg DS where a neutral value for the zeta potential 
was achieved (Figure 8).

Figure 9 illustrates the settling performances of con-
ditioned sludge samples at 50°C in the dose range of 
10–27 g/kg DS. Among the doses tested, the best set-
tling performance was observed at 20 g/kg DS, which 
resulted in the lowest interface height. At polymer 
doses lower or higher than 20 g/kg DS, settling charac-
teristics of sludge deteriorated and resulted in a higher 
interface height. The calculated settling velocities and 
the final interface heights are reported in Table 3. The 
highest settling velocity, 12.6 cm/min, was obtained at 

the polymer dose of 20 g/kg DS, and this corresponded 
to the lowest interface height of 5.4 cm.  

3.4.  Sludge Conditioning at 60°C

Figure 10 illustrates the results from the filtra-
tion and CST tests after conditioning sludge at 60°C. 
The optimum dose range was identified as 26.5 ± 1.5 
g/kg DS, with CST of 12.3 ± 0.5 s, the filtrate vol-
ume of 146 ± 3 mL and the cake solids of 7.7 ± 0.3 %. 
These results showed a deterioration in sludge filtra-
tion compared to the results obtained at 50°C. Heating 

Figure 8.  Zeta potential measurements at 50°C at increasing poly-
mer doses.

Figure 6.  Settling test results at 35°C after 30 minutes of settling.

Table 2.  Final Interface Heights (30 minutes) and 
Average Settling Velocities (60 s) at 35°C.

Polymer Dose 
(g/kg DS)

Final Interface Height 
(cm)

Settling Velocity 
(cm/min)

10.5 17.1 0.7
16.0 7.5 8.9
21.0 7.2 10.5
26.5 8.8 7.8
31.5 9.8 6.4
37.0 10.9 6.2

Figure 7.  CST, filtrate volume and cake solids at 50°C in the under-
dose, optimum dose, and over dose ranges.
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at these higher temperatures started dissolving solids 
and breaking up large particles, which increased the 
polymer demand due to the generation of more nega-
tively charged surfaces.  

As the zeta potential results show in Figure 11, a 
higher polymer dose (26.5 g/kg DS) was needed to 
neutralize the zeta potential at 60°C. At 20 g/kg DS, 
which was the optimum dose for the temperatures low-
er than 50°C, the zeta potential value was approximate-
ly –1.5 mV. With increasing temperatures, the binding 
between the polymer and sludge particles weakens and 
the efficiency of flocculation decreases [21]. Therefore, 
more polymer is needed to achieve the same level of 
conditioning and flocculation at higher temperatures. 

Results from settling tests at 60°C are shown in 
Figure 12 and Table 4. Among the doses tested, 26.5 
g/kg DS resulted in the highest settling velocity (5.8 
cm/min) and the lowest interface height (10.7 cm). 
Presence of large quantities of bubbles was also ob-
served during settling. Compared to other temperatures 

(e.g., 35°C and 50°C), both the settling velocity and 
the height of the interface got worse at 60°C in spite of 
adding more polymer. The binding ability of polyacryl-
amide is decreased after around 60°C [22] which can 
also explain the decreased effectiveness of the polymer 
and the higher polymer doses required at higher tem-
peratures. 

3.5.  Sludge Conditioning at 100°C

The polymer doses required for sludge conditioning 
at 100°C were drastically higher (Figure 13). The opti-

Figure 9.  Settling test results at 50°C after 30 minutes of settling.

Table 3.  Final Interface Heights (30 minutes) and 
Average Settling Velocities (60 s) at 50°C.

Polymer Dose 
(g/kg DS)

Final Interface Height 
(cm)

Settling Velocity 
(cm/min)

10.0 10.2 2.4
15.0 9.7 3.9
18.0 6.6 9.6
20.0 5.4 12.6
23.0 8.4 4.6
27.0 9.2 4.4

Figure 10.  CST, filtrate volume and cake solids at 60°C in the un-
der-dose, optimum dose, and over dose ranges.

Figure 11.  Zeta potential measurements at 60°C at increasing poly-
mer doses.
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mum dose at this temperature was 38.5 ± 1.2 g/kg DS, 
which was almost double the dose at 50°C. In the opti-
mum dose range, CST was 12.8 ± 0.3 s, filtrate volume 
was 149 ± 3 mL, and cake solid concentration was 7.9 
± 0.3 %. Increasing the sludge temperature, increased 
the polymer demand of the sample. 

Figure 14 illustrates that the zeta potential results. At 
the starting polymer dose of 15 g/kg DS, the zeta po-
tential was approximately –10 mV, which was 5 times 
more than the zeta potential values measured around 
15 g/kg DS at other temperatures tested. Increasing the 
polymer dose decreased the magnitude of the zeta po-
tential, but even at the highest polymer dose of 55 g/kg 
DS, charge neutralization was not achieved. The filtra-
tion based tests indicated an optimum dose of 38.5 g/kg 
DS, but the zeta potential at this dose was still –4 mV. 
This can be explained by the different temperatures that 
the measurements were carried at. The CST and filtra-
tion tests were conducted with sludge at 100°C but the 
zeta potential measurements had to be done at 25°C 
due to the constraint of the zeta-meter. The solubility 

of acrylamide sharply increases after 50°C [23], and 
therefore when the temperature of filtrate is decreased 
from 100°C to 25°C, zeta potential measurements will 
underestimate the quantity and effectiveness of the dis-
solved polymer in the solution. This would explain the 
negative zeta potential of –4 mV at the optimum dose 
of 38.5 g/kg DS at 100°C.

The settling test results at 100°C are illustrated in 
Figure 15 and Table 5. The lowest height of the inter-
face (7.9 cm) and the highest settling velocity (4 cm/
min) was observed at 37 g/kg DS, which was also the 
optimum dose determined by the filtration tests. 

Figure 12.  Settling test results at 60°C after 30 minutes of settling. 

Figure 13.  CST, filtrate volume and cake solids at 100°C in the un-
der-dose, optimum dose, and over dose ranges.

Table 4.  Final Interface Heights (30 minutes) and 
Average Settling Velocities (60 s) at 60°C.

Polymer Dose 
(g/kg DS)

Final Interface Height 
(cm)

Settling Velocity 
(cm/min)

16.0 12.5 5.1
21.0 12.3 5.1
26.5 10.7 5.8
32.0 12.2 5.3
37.0 13.1 4.7 Figure 14.  Zeta potential measurements at 100°C at increasing 

polymer doses.
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3.6.  Comparison of Conditioning Performance at 
Different Temperatures

Table 6 presents the optimum dose, CST, filtrate 
volume, cake solids, and settling velocity obtained at 
each temperature tested (10°C, 35°C, 50°C, 60°C and 
100°C) to provide a comparison of results. The opti-
mum dose required to condition the sludge was very 
similar (19.2–19.5 g/kg DS) at 10, 35, and 50°C; how-
ever, the ability of sludge to release its water was sig-
nificantly different. Increasing the temperature until 
50°C improved the thickening and filtration charac-
teristics of conditioned sludge, and the highest filtrate 
volume (165 mL), cake solids (11.5%) and settling ve-
locity (12.6 cm/min) were observed at 50°C. Increas-
ing the sludge temperature further to 60°C and 100°C 
not only increased the polymer demand substantially, 
but also decreased the ability of sludge to release its 
water. The optimum polymer dose was 26.5 g/kg DS 
at 50°C , and 38.5 g/kg DS at 100°C. At 100°C, the 
filtrate volume was reduced to 149 mL and the settling 
velocity was only 4 cm/min. 

Changes in sludge temperature impacts the sludge 
characteristics as well as the polymer characteristics. 
A modest increase in sludge temperature (35–50°C) is 
likely to decrease the viscosity and improve the filtra-
tion characteristics of sludge. In addition, temperature 
increases the solubilization of extracellular polymers 
and DNA, which result in the improvement of sludge 
surface characteristics such as surface charge [24]. It 
was previously reported that higher temperatures lead 
to changes in the structure, density and chemical com-
position of flocs which influence the settlability and 
desorptivity [25,26,27]. Higher temperatures also im-
pact the activity of polymers by decreasing their rate of 
formation and viscosity and increasing their hydrolysis 
into soluble compounds [27,28,29]. The results of this 
research show that temperatures up to 50°C improved 
the dewaterability of sludge but higher temperatures 
lead to deterioration in sludge dewaterability likely 
due to the destruction of flocs and sludge network. 
This study did not include sludge temperatures higher 
than 100°C since these systems would require pres-
surized vessels and would not be easily employable at 
full-scale treatment plants. At temperatures higher than 
150°C during hydrothermal treatment (carbonization) 
of sludge, the decomposition of extracellular polymers 
was reported to destroy their binding with water and re-
lease this water resulting in better dewaterability [24]. 

4.  CONCLUSIONS

In this study, temperature was found to be an impor-

Figure 15.  Settling test results at 100°C after 30 minutes of settling. 

Table 5.  Final Interface Heights (30 minutes) and 
Average Settling Velocities (60 s) at 100°C.

Polymer Dose 
(g/kg DS)

Final Interface Height 
(cm)

Settling Velocity 
(cm/min)

24.0 17.7 0.1
32.0 17.2 0.1
37.0 7.9 4.0
42.0 13.4 3.8
53.0 16.1 0.3

Table 6.  Summary of Results at Each Temperature.

T (°C)
Optimum Dose 

(g/kg DS)
CST 
(s)

Filtrate Volume 
(mL)

Cake Solids 
(%)

Settling Velocity 
(cm/min)

10 19.5 ± 0.7 20.0 ± 0.6 143 ± 5 7.7 ± 0.3 6.5
35 19.3 ± 1.4 13.9 ± 0.4 161 ± 2 11.0 ± 0.3 10.5
50 19.2 ± 0.9 11.8 ± 0.6 165 ± 3 11.5 ± 0.4 12.6
60 26.5 ± 1.5 12.3 ± 0.5 146 ± 3 7.7 ± 0.3 5.8
100 38.5 ± 1.2 12.8 ± 0.3 149 ± 3 7.9 ± 0.3 4.0
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tant factor that impacts sludge conditioning, optimum 
polymer dose, and thickening and dewatering perfor-
mance. A wide range of sludge temperatures (10°C, 
35°C, 50°C, 60°C and 100°C) were tested. In the 
temperature range of 10°C to 50°C, the polymer dose 
required for conditioning was similar but resulted in 
different thickening and dewatering performance. The 
best results were observed at 50°C, where the highest 
filtrate volume, cake solids and settling velocity were 
obtained at a polymer dose of 19.2 g/kg DS. Thicken-
ing and dewatering performance was also very good 
at 35°C. Increasing the sludge temperature further to 
60°C and 100°C increased the polymer demand up to 
38.5 g/kg DS and deteriorated the thickening and dewa-
tering performance. The results of this research show 
that sludge conditioning at 35–50°C can significantly 
improve treatment performance and result in savings 
for treatment plants. There would be no additional 
cost for heating sludge at wastewater treatment plants 
where thermal treatment processes (e.g., thermal hy-
drolysis, wet oxidation, super critical water oxidation) 
are used, and a step-wise temperature increase before 
thickening or dewatering can be easily incorporated in 
the treatment train.  
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ABSTRACT: The paper investigated the heavy metal ions adsorption by bio-adsorbent 
obtained from modifying bagasse pith. The bagasse pith, a main solid bio-waste from 
sugar and pulp industry, was treated by epichlorohydrin and diethylenetriamine. The 
pith before and after modification were analyzed to characterize its structure change by 
Fourier Transform Infrared Spectroscopy and Scanning Electron Microscope. It shown 
that numbers of minor fragments cohere to the surface of fibrous bundle of modified pith. 
The carboxyl groups has been introduced with the change of substitutional groups in 
aromatic skeletal of lignin on surface of pith. The kinetics and thermo-dynamic properties 
were studied. The results shown the adsorption process are well described by Langmuir 
isotherm and pseudo-2nd order model. It is considered that the bagasse pith, a renew-
able bio- waste, would be modified to treat the waste water polluted by heavy metal in 
further studies.

1.  INTRODUCTION

WATER pollution is a worldwide environmental 
problem, especially in waste water polluted by 

heavy metal ions discharged from the industrial waste. 
These metals, such as Cu, Pb, Cr and Zn, are toxic. 
Their presence could cause some diseases [1–4]. For 
restoration, a lot of effective methods are used to re-
move polluted ions [5,6]. Among those methods, ad-
sorption is one of the economical and efficient meth-
ods. Recently, low cost materials such as renewable and 
biodegradable byproducts or wastes from agriculture 
attract researchers’ attention as their physic-chemical 
properties. Some of them, such as tree fern, sawdust, 
rice bran, wheat bran, corncobs, etc., have been modi-
fied to remove heavy metals [5,7–9]. 

Bagasse pith, a main solid waste from sugar and 
pulp industry, contains lignin, hemicellulose and cel-
lulose. Thus, it contains hydroxyl, carboxyl and car-
bonyl groups [10], which are the efficacious functional 
groups for ions sorption. In addition, bagasse pith has 
the unique physical structure. Based on Lee’s study, 
the pith consists of numerous parenchyma cells with 

bundles of small fibers in the inner pith [11]. It is re-
ported that small quantity cellulose fibers and a regular 
shape of spongy particle are in bagasse pith, which en-
hanced its specific surface. In earlier studies, bagasse 
pith has been used to prepare activated carbon or dye 
adsorbent [12–14]. However, there is seldom study on 
the modified pith and its adsorption for heavy metal 
ions removal. In the previous, we found the cellulose 
and lignin, the main constituents of bagasse pith, could 
be modified to be good ions adsorbents [15].

The present study was focused on the modification 
of bagasse pith and its adsorption ability for Cu(II). 
The equilibrium, kinetics and thermodynamic property 
of modified pith were investigated.

2.  METHODS

2.1.  Materials

Bagasse pith was supplied by Nanning Sugar Indus-
try Co., Ltd. China. It was washed by distilled water 
and dried at room temperature. The main compositions 
of bagasse pith were cellulose 38.10% (w/w, the same 
as below), lignin 25.93%, hemicellulose 24.23%, ash 
1.28%, alcohol-benzene soluble 2.28% and 1% NaOH 
soluble 28.34%. All chemicals, were obtained from 
commercial sources. 300 mg/L Cu(II) were prepared 
by CuCl2 and its initial pH is 5.52.
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2.2.  Methods

2.2.1.  Preparation of Modified Bagasse Pith

Modified bagasse pith was produced by the refer-
ence. [16] and then aminated with diethylenetriamine 
cross linked by formaldehyde. Bagasse pith (2 g) was 
added into flask with 100 mL NaOH (10%, w/w) and 
10 mL ethanol (75%, w/w). Then, 10 mL of epichlo-
rohydrin was added into this mixture in 30 min, and 
stirred at 60°C for 4h. Then, the product was filtered 
by G2 glass filter and washed by distilled water. The 
epoxy-bagasse pith was obtained, and dried (at 50°C). 

Add epoxy-bagasse pith (2 g), NaOH (10%, 15 mL), 
and diethylenetriamine (5 mL) are added into a flask. 
Then, drop formaldehyde (5 mL) into the heated mix-
ture at 80°C in 30 min, and reaction 3 h. After that, 
the modified bagasse pith was filtered and washed by 
distilled water.

2.2.2.  Sorption

The adsorption experiments were processed at room 
temperature (25°C). 0.5 g modified bagasse pith and 
200 mL Cu(II) ion solution (300 mg/L) were added in to 
the flash. The aqueous solutions were taken with mem-
brane (0.45 µm). The Atomic Absorption Spectrometer 
(TAS-990AFG) was used to measured the concentra-
tions. The adsorption was calculated by Equation (1),

q V C C
wt

t=
−( )0

where qt is the adsorption capacityl. C0 is the concen-
tration of metal ions at time 0, and Ct (mg/L) is the con-
centration of metal ions at time t. and V is the volume 
(L) of solution, and w is the mass (g) of adsorbent.

2.2.3.  Mechanism Study

0.5 g modified bagasse pith and 200 mL Cu(II) ion 
solution (300 mg/L) were added in to the flash. To 
change the initial pH of solution, NaOH (1 mol/L) and 
HCl (1 mol/L) solution were added. 

The pH and electricity conductively of solution 
were also determined during adsorption processed at 
initial pH 6.5.

2.2.4.  Characterization

FTIR (Fourier Transform Infrared spectroscopy of 

PerkinElmer BXII spectrum) was used by using KBr 
pellets, by a. SEM (Scanning electron microscope of 
Hitachi S-3400N) was to analyze the surface changes 
of the pith before and after modification.

3.  RESULTS AND DISCUSSION

3.1.  The Morphology Analysis

The pith component consists of numerous big hol-
low cavities, which decreases bulk density [11]. Most 
are the parenchyma cell with bundles of small fibers in 
the inner pith. The most of the cells are in regular shape 
as spongy. Some cellulose fibers in small size are em-
beded. All of these could improveits surface strength. 
To increase the bagasse pulp quality, the pith, the den-
sity of which is 220 kg/m3 [17] should be depithed, as 
the cells of pith are usually in tiny shape (length < 0.4 
mm) with thin wall [18]. Thus, after it has been treated 
by the depithing machine, most parenchyma cells were 
ruptured with fibrous bundle separated. 

In Figure 1, the morphology of fragment pith Figure 
1(a) is in the shape of layer with smooth surface before 
modification, while it presents the convex-concave 
folds of the surface [in Figure 1(b)]. It would be the 
effects of cross-link by the epichlorohydrin or form-
aldehyde. Numbers of minor fragments cohere to the 
surface of fibrous bundle of modified pith comparing 
the morphology before [Figure 1(c)] and after [see in 
Figure 1(d)] modification. Thus, it indicated the sur-
face chemical component of pith would take part in the 
reactions.

3.2.  FTIR Spectroscopy

The main chemical compositions of bagasse pith 
contains cellulose, lignin and hemicellulose etc. Thus, 
there are abundant of hydroxyl, aldehyde, carboxyl, 
methoxy, phenyl and ether bonds existed in pith.  

Based on the assignments given in literatures [19–
21], common features as well as particular vibrations 
were found. In Figure 2, main bands in all samples 
can be assigned to: absorption of alcoholic hydroxyl 
groups and phenolic hydroxyl groups are at 3421 cm–1 
and 3450–3500 cm–1. C–H stretching of methylene 
and methine groups are at 2900–2945 cm–1. Methox-
yl groups stretching in lignin are at 2848 cm–1. C=O 
stretching vibration in carboxyl are at 1734 cm–1. The 
characteristic peaks of aromatic skeletal are at 1426, 
1513, and 1603 cm–1. Band at 1428 cm–1 indicated al-
dehyde group vibration and –CH2 symmetric bending 

(1)
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vibration. The band relates to bending vibration of the 
structure C–H at 1376 cm–1. The bands indicates the 
cellulose ring breathing with C–O stretching at 1327 
and 1250 cm–1. Bandrelates to anti symmetric bridge 
C–O–C stretching in cellulose, lignin or hemicellulose 
at 1167 cm–1. The band at 1111 cm–1 indicades C–H in-
plane deformation for syringyl type in structure of lig-
nin, and band at 1050 cm–1 for guaiacyl type. Another 
bandcorresponded to lone aryl C–H out plane wagging 
at 899 cm–1.

The modified pith, the peaks disappear at 1734 cm–1 
and rise at 1654 cm–1 with red shifting at 1636 cm–1, 
which means the carboxyl takes part in a chemical re-
action of hydrolysis and amination. The C–N vibra-
tion leads the intensity increasing at 1465 cm–1. Bands 
weaken at 1376, 1253 and 900 cm–1 suggested that the 
substitutional groups of aromatic skeletal in lignin on 

surface of pith would be changed. The N–H vibration 
makes the bands red shift at 1165 cm–1, and blue shift 
at 1111 and 1050 cm–1. Thus, it can be concluded that 
the distribution of chemical structures, such as hy-
droxyl, carboxyl, methoxy, phenyl and so on, has been 
changed by modification on surface of fragment pith.

3.3.  Influence of Solution Initial pH

The adsorption property of adsorbents is sensitive to 
pH . The optimal pH of sorption experiment was pro-
cessed at initial pH from 1 to 7.5 in Cu(II) solution (300 
mg/L), and the result is as shown in Figure 3. With the 
pH increasing from 2 to 6, the sorption capacities were 
increased from 4.23 mg/g to 61.45 mg/g for modified 
pith, but the sorption capacities were increased from 
4.22 mg/g to 18.64 mg/g for pith. The amino group as 

Figure 1.  The morphology of bagasse pith and aminated epoxy-pith: the fragment of pith before (a) and after (b) modification, the fibrous bundle 
of pith before (c) and after (d) modification.
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the functional groups for adsorption accompanied by 
stoichiometric release of protons with the pH chang-
ing. [22,23]. While pH of the solution approached 8, 
the colloidal suspension occurred. Thus, the pH was 
chosen between 6 and 7 in the experiments.

The pH of the solutions would be changed with 
adsorption processing characterized by the described 
by the electricity conductivity. The relation between 
pH and electricity conductivity was investigated. As 
shown in Figure 4, the electricity conductivity decreas-
es from 1.29 ms down to 0.96 ms with pH decreased 

from 5.26 to 4.86 at first 40min. It indicated that amine 
and carboxyl groups were be intoduced on the surface 
of pith, which improved its adsorption capability [24]. 
This would be explained by two steps of adsorption. 
In first step, more active sites were available, which 
could trap or adsorb more metal ions. Carbonyl groups 
or amine groups release hydrogen ion by ion exchange, 
which made pH and electricity conductivity decrease 
rapidly in this step. In the second step, the he active 
sites are exhausted on the surface of adsorbent, result-
ing in the ions move to interior of adsorbent and attach 

Figure 2.  The FTIR of bagasse pith before and after modification.

Figure 3.  The initial pH effect on the adsorption of pith and modified 
pith.

Figure 4.  The electricity conductively and pH of the solutions chang-
es during adsorbtion.
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to the interior sites. The adsorption rate was limited. 
Thus, pH and electricity conductivity tends to be level.

3.4.  Isotherm Models Investigations

The isother were analyzed by Freundlich and Lang-
muir isotherm models at various temperatures. Lang-
muir model is a monolayer adsorption model, and it 
can be wrote as [25,26],

q K C
a Ce
L e

L e
=

+1

where qe (mg/g) is amount adsorbed at equilibrium. Ce 
(mg/L) is the concentration at equilibrium. aL (L/mg) 
and KL (L/g) are constant.

The adsorption system would be described as ‘fa-
vourable’ or ‘unfavourable’, which could be discussed 
by evaluating the proposed dimensionless separation 
factor, RL, from the Langmuir Isotherm. It can be wrote 
as:

R
a CL
L ref

=
+

1
1

Where, aL is the constant of Langmuir. Cref is the 
reference fluid-phase concentration of adsorbate (mg/l) 
[26].

If RL > 1, it means the adsorption is unfavourable. If 
1 > RL > 0, the adsorption is considered to be favour-
able. If RL = 0, the adsorption would be irreversible.

Freundlich isotherm, a multilayer adsorption model, 
is as [15,26],

q K Ce F e
n= 1/

where KF is the parameter related to intensity of ad-
sorption, qe is the adsorption capacity (mg/g). 

n means the distribution of active sitesand strength 
of the sorption process. KF indicates the sorption ca-
pacity. When n is greater than 1, the surface density 
could make the bond energies increase. When n is be-
low 1, the surface density could make the bond ener-
gies decrease. When n is equal to 1, the bond energies 
does not depend on the surface density, and all surface 
sites are equivalent. Thus, if n between 1 and 10, it is 
beneficial for sorption [26].

The parameter values and correlation coefficient 
values are compared as shown in Figures 5(a) and 5(b). 

Table 1.  The Values of Parameters and Correlation Coefficient for Each Isotherm Model.

T/K

Langmuir Isotherm Freundlich Isotherm

aL (L/mg) KL (L/g) R2 RL KF (mg/g) 1/n R2

303 0.05337 5.0967 0.99445 0.6046 14.24911 0.3879 0.95079
313 0.0673 6.8239 0.99406 0.6149 16.49019 0.3866 0.96106
323 0.09821 10.668 0.99633 0.6416 21.56541 0.3630 0.92121

(2)

(3)

(4)

Figure 5.  Adsorption isotherms for Cu(II) fitted by Langmuir model (a) and Freundlich model (b).
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The experimental data can be fitted well by Langmuir 
isotherm model (R2 > 0.99, as shown in Table 1). The 
RL, between 0 and 1, indicated that the sorption is fa-
vourable. However, the Freundlich isotherm model 
could not the experimental data fitted well. The regres-
sion coefficients are only between 0.90 and 0.99 (as 
shown in Table 1). The n values, in the range 0.1 to 1, 
indicated the adsorptions were favorable [26]. There-
fore, it can be concluded the bond energies increased 
with surface density increasing.

3.5.  Thermodynamic Investigations

Thermodynamic parameters were obtained by equa-
tion of lecture [27]. The values are listed in Table 2. 
Positive value of Enthalpy Change (ΔH°) indicated 
the adsorption of Cu(II) was endothermic process. The 
positive value of Entropy Change (ΔS°) corresponded 
to freedom degree of the adsorbed species increase 
in adsorption. The negative values of Gibbs function 
change (ΔG°) confirmed the adsoption is feasible and 
spontaneous. ΔG° values increased with temperature 
rising.

3.6.  Adsorption Kinetics Investigations

The pseudo-1st order and pseudo-2nd order models 
were applied, as Equations (5) and (6) [24]:

q qe
k t1= − −(1 e )

q q k t
q k t
e
2
2

e 2
=

+1

where q (mg/g) is the amount of ion adsorbed at time t; 
qe is the amount of ion adsorbed at equilibrium; k1 (1/
min) is the adsorption rate constant of the pseudo-1st 
order model, and k2 (g/(mg·min)) is the adsorption rate 
constant of the pseudo-2nd order model.

In Figure 6(a), the data is not fitted well by the pseu-
do-1st-order model (R2 < 0.98, not listed). It indicated 
pseudo-1st-order kinetics could not described the ad-
sorption of Cu(II) well, which underestimates metal 
uptake. However, the experimental equilibrium data 
implied the adsorption abided by the pseudo-2nd order 
kinetic (R2 > 0.99, not listed). Thus, it could be con-
cluded chemisorption is the control factor, which in-
clude valency electrons sharing or exchanging between 
the sorbent and sorbate [27].

Diffusion is very important in adsorption. To inves-
tigate the diffusion of metal ion, Webber’s pore diffu-
sion model, a intra-particle diffusion model, was de-
scribed as Equation (7) [28],

q k tdiff= 1 2/

where kdiff is the diffusion rate constant in intra-particle 
(mg/(g·min.0.5)). If the plot was linear and y-intercept 
passed through 0, the rate limiting step will be intra-
particle diffusion.

Figure 6.  Adsorption of Cu ions by modified pith fitted by kinetics model (a) and diffusion model (b) at pH 6 and 25°C.

(5)

(6)

(7)

Table 2.  The Values of Parameters and Correlation 
Coefficient for Each Isotherm Model.

T (K) ΔH (kJ/mol) ΔG (kJ/mol) ΔS (kJ/mol)

303 –7.3824 0.1060
313 24.73 –7.0225 0.1015
323 –6.2319 0.0959
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Based on the data in Figure 6(b), it suggested the ad-
sorption would be in two steps. Intra-particle diffusion 
would not be the rate-limiting step, and more than one 
processes affect the sorptioned by. The initial segment 
of the plots implied first step is external mass-transfer, 
and the latter segment of the plots implied the second 
step is pore or intra-particle diffusion [24].

4.  CONCLUSIONS 

Bagasse pith was the main by-product from sugar 
and paper industry. The physical structure and chemi-
cal components make it with a good sorption property. 

From the studies, it was found that the functional 
groups have been introduced by chemical modification 
based on the morphologies analysis. The adsorption of 
heavy metal ion could be illustrated by Langmuir iso-
therm and the pseudo-2nd order model. If bagasse pith, 
a solid waste, would be modified effectively, it could 
be one of good renewable bio-adsorbents to removal 
heavy metal ions from waste water, and recovered the 
ions by burning it in the further. 
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ABSTRACT: Polyvinyl alcohol nanofibers (PVA) and novel polyvinyl alcohol nanofibers 
incorporated with cobalt metal organic framework (PVA/Co-MOF) sorbents were pro-
duced via electrospinning. The produced nanofibers were confirmed by scanning elec-
tron microscope (SEM), thermogravimetric analysis (TGA) and Fourier transform infrared 
(FTIR). SEM images showed consistent and beads free nanofibers were synthesized. 
FTIR spectra’s exhibited shifts in critical functional groups positions thus it confirmed 
that there was a given amount of cobalt metal organic frameworks implanted in the 
incorporated nanofibers. TGA plots also confirmed that PVA/MOF nanofibers exhibited 
higher decomposition temperatures than that of the pure polyvinyl alcohol nanofibers. 
Therefore, it affirmed the amalgamation between cobalt metal organic frameworks and 
polyvinyl alcohol nanofibers. The ability of PVA and novel PVA/Co-MOF nanofibers to 
remove Pb2+ ions from solution was investigated. The sorption Pb2+ ions on incorporated 
nanofibers (novel PVA/Co-MO) were two-fold as compared to the pure polyvinyl alcohol 
nanofibers. The thermodynamic parameters: Gibbs free energy (ΔG°) and apparent en-
thalpy (ΔH°) showed that the adsorption Pb2+ ions onto the electro-spun nanofibers were 
spontaneous and exothermic.

INTRODUCTION

HEAVY metals are chemical elements such as lead 
Pb2+ and chromium Cr6+ that have a relatively 

high density and toxic at lower concentrations [1]. 
These metals induce severe water and environment 
contaminations [2]. To date prominent environmental 
problem is Pb2+ pollution which is a concerning issue 
all around the world. Therefore, the liberation of tox-
ic lead ions from solution to acceptable levels before 
disposal is necessary. Main sources of lead pollution 
are companies such as mines, metal plating facilities, 
nuclear power plant, petroleum, battery recycling, lead 
glazed pottery and leaded paint plants [3].

Pb2+ ions in aqueous solution are non-biodegradable 
and are known to accumulate in human beings, causing 
many sickness and imparted health [4–6]. Its toxic ef-
fects are subtle with a possibility of causing permanent 
health problems [7]. It  hinders numerous body func-
tions majorly affecting nervous system [8–9], hemato-

poietic [10], hepatic [11], impaired renal function and 
fertility [12,13] causing severe disorders and mortality 
[14]. It also inhibits the production of haemoglobin and 
porphyrins, overtime accumulates in the bones replac-
ing calcium thus negatively affect metabolism of vita-
min D [15]. These inspired researchers to explore for 
novel sorbents that will effectively liberate Pb2+ ions in 
aqueous solution. 

Adsorption is a surface phenomenon; defined as a 
process were one or more components (adsorbate) are 
attracted and bonded to the surface of a solid (adsor-
bent) [16]. This process is superior to most of the ex-
isting conventional techniques used for the liberation 
of lead ion from solution, as it is less cost effective, 
environmental friendly, feasible and removes targeted 
metals more effectively [17].

Nano scale adsorbents have attracted considerable 
interest in sorption applications owing to their extraor-
dinary surface area, porous topology, physical and 
chemical attributes [18]. Many potential nanofibers 
adsorbents have been reported in recent years. Shooto 
et al. and Saeed et al. respectively reported modified 
PVA/Cu-MOF nanofibres [19] and modified PAN *Author to whom correspondence should be addressed.  
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nanofibers [20] shown excellent sorption capability for 
lead ions in aqueous solution. Nanofibers are remark-
able materials that are widely used in many applica-
tions hence recently they are extensively applied as 
adsorbents in the liberation of lead ions in solution ow-
ing to their attributes of extraordinary properties [21]. 
Electrospinning technique uses polymeric solutions to 
fabricate nanofibers [22]. 

The present work reports the fabrication of PVA and 
novel PVA/Co-MOF nanofibers via electrospinning, 
then characterization and followed by the investigation 
of these materials as potential adsorbents of Pb2+ ions 
in aqueous solution. Characterization was carried out 
by SEM, TGA and FTIR. Adsorption isotherms and 
kinetic models were also explored. Finally PVA nano-
fibers embedded with Co-MOFs were found to render 
higher Pb2+ removal than did raw PVA nanofibers.

EXPERIMENTAL

Materials

Polyvinyl alcohol [(CH2CH(OH))n, PVA, fully hy-
drolysed, Sigma-Aldrich], N,N-Dimethylformamide 
[HCON(CH3)2, DMF, 99.8%; AnalaR], Cobalt(II)
nitrate hexahydrate [Co(NO3)2·6H2O, 99.95%, Sig-
ma-Aldrich], 1,2,4,5-Tetrabenzenecarboxylic acid 
[C6H2(CO2H)4, 96%, Sigma-Aldrich], Lead nitrate 
[Pb(NO3)2, 99% Radchem], Methanol [CH3OH, 
99.9%; Sigma-Aldrich].

All reagents were purchased from commercial 
sources in South Africa (Johannesburg) and were used 
as they were, without any modification.

Method

Preparation of Cobalt Metal Organic Framework 
(Co-MOF)

Solvothermal method was used to synthesize cobalt 
metal organic frameworks [23]. Whereby (0.012 mol) 
respectively of cobalt(II)nitrate and 1,2,4,5-tetraben-
zenecarboxylic acid were dissolved in 80 ml dimeth-
ylformamide by mild stirring in a round bottom flask. 
The solution was refluxed for 2 hours at 120°C. Tint 
pink crystalline material was produced and insulated 
by centrifugation and rinsed several times to remove 
excess dimethylformamide. The produced crystalline 
material was dried out in oven for 30 min and was 
used as it is without any alterations for further experi-
ments.

Preparation of Nanofibers

Nanofibers were prepared by dissolving (2.7 g) 
polyvinyl alcohol powder into hot distilled water 
(27.3 g). From the as prepared polymer solution (10 
ml) was mixed with (0.01 g) cobalt-metal organic 
framework powder for 1 hrs on a magnetic stirrer. The 
polymer solution mixture was transferred into a 20 ml 
syringe. The experimental set-up used was composed 
of a power supply, syringe and a collector (aluminium 
foil). A positive terminal was connected to a 15 kV 
which was applied to a syringe needle tip to charge the 
polymer solution. The electro-spun nanofibers were ac-
cumulated on aluminium foil connected to electrically 
grounded metal plate, 15 cm apart from the syringe 
needle. Electrospinning process was operated at ambi-
ent environment.

Adsorption Procedure

Batch adsorption experiments were performed to 
better understand the influence of concentration, tem-
perature and time effect. 0,1 g of incorporated nanofi-
bers and initial Pb2+ ion concentrations of 20, 40, 60, 
80, and 100 mg/L, were employed to study concentra-
tion effect at room temperature. Time dependence stud-
ies, identical mass of nanofibers sample was used with 
reaction time of 10, 20, 30, 40, and 60 min at room 
temperature. Temperature effect studies were carried 
out at 25, 40, 60, and 80°C. 

The pH of all lead ion solutions used throughout ad-
sorption experiments was 5.03 and 20 ml of lead ion 
solution was used for all experiments.

Same procedure as mentioned above for concentra-
tion, time and temperature effect was followed to eval-
uate Pb2+ ability to be adsorbed by polyvinyl alcohol 
nanofibers mat.

CHARACTERIZATION

The characteristics of the produced nanofibers was 
confirmed by scanning electron microscope (SEM), 
Fourier transformed infrared spectroscopy (FTIR) and 
thermogravimetry analysis (TGA). The morphology 
analysis was performed by a JOEL 7500F scanning 
electron microscope from Japan. Perkin Elmer TGA 
4000 (USA) was used to record the thermogravimetric 
analyses, it was performed; 30 to 900°C at a heating 
rate of 10°C/min under inert atmosphere. Perkin El-
mer FT-IR, spectrum 400 (USA). The measuring range 
extended from 4000 to 520 cm–1. Atomic Absorption 
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Spectroscopy (AAS), from North America Shimadzu 
ASC 7000 was used.

DATA ANALYSIS

The sorbed amount of Pb2+ onto the adsorbent was 
determined using the following equation:

q V
M
C Ce o e= −( )

	 qe =	Pb2+ concentration sorbed onto nano-composite 
at equilibria point (mg of metal ion/g of sor-
bent).

	 Co =	Initial concentration of Pb2+ in solution (in 
mg/L).

	 Ce =	Equilibria point concentration of Pb2+ in solu-
tion (in mg/L).

	 V =	Initial volume of Pb2+ solution used (in L).
	 M =	Weight of nano-composite.

Langmuir graphs were plotted by applying the fol-
lowing equation

m
x abC be
= +

1 1

	 x =	Pb2+ sorbed per mass of nano-composite (in 
mg/L) 

	a, b =	Langmuir constants received from the slope 
and intercepts of the plots.

Langmuir isotherm was presented in form of for-
mula of separation factor (Sf ). It determines a type of 
adsorption isotherm. When (Sf ) is greater than one, it 
indicates that the isotherm is not favourable; if (Sf ) is 
one (linear), if zero < (Sf ) < one (favourable), and (Sf ) 
= zero (irreversible). 

S
aCf

o
=

+
1

1

The surface coverage degree of the sorbent covered 
by lead ions was calculated using

θ = −1 C
C
e

o

The potential of nanofibers to liberate Pb2+ in solu-
tion was assessed by total cycles of equilibrium sorp-

tion required according to the value of the partition co-
efficient (Kd) in Equation (5)

K C
Cd
ads

aq
=

where,

	 Caq =	Pb2+ concentration in solution, (in mg/L) 
	Cads =	Pb2+ concentration in nano-composite (in mg/L)

Suzuki equation was used to determine the heat of 
adsorption (Qads) as expressed in the below equation

ln .θ = +
InK C
T

Q
RT

o o ads
0 5

where, 

	 T =	Temperature of the solution (in K)
	 Ko =	Constant
	 R =	Constant (8.314 J/Kmol)

Linearized Arrhenius equation was used to obtained 
data to determine; activation energy (Ea) and sticking 
probability (S*).

ln( ) *1− = +θ S E
RT
a

Gibbs energy (ΔG°) equation was used to evaluate 
the spontaneity of the sorption process.

∆G RT Kd° = ln

Enthalpy (ΔH°) and entropy (S°) was determined by 
Equation (9).

∆ ∆ ∆G H T S° = ° − °

The number of hopping (n) was determined by link-
ing it to surface coverage (θ). 

n =
−
1

1( )θ θ

Sorption potential (A) was examined by 

A RT C
C
o

e
= − ln

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)
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RESULTS AND DISCUSSION

Figures 1(a)–1(d) show SEM micrographs of elec-
tro-spun polyvinyl alcohol and incorporated nanofibers 
with relatively uniform morphologies. It is seen that the 
nanofibers are non-beaded. PVA nanofibers in Figures 
1(a) and 1(b) show that no specific alignment direction 
was followed by the fabricated nanofibers. Incorpo-
rated nanofibers in Figures 1(c) and 1(d) show dense 
entanglement and network nanofibers, it is also visible 
that some thick individual fibers were observed. Other 
than that no morphological changes was observed in 
the view of the SEM images.

In order to examine whether cobalt metal organic 
frameworks were incorporated to electro-spun polyvi-
nyl alcohol nanofibers, FTIR spectra of both electro-
spun polyvinyl alcohol nanofibers and incorporated 
nanofibers were measured to monitor changes in the 
IR spectra as shown in Figure 2. On the spectra of 

electro-spun polyvinyl alcohol nanofibers mat, the ma-
jor peaks observed were as follows: bands at 3293 and 
1660 cm–1 are attributed to the stretching and bend-
ing vibrations of (O–H) respectively, two vibration 
bands at 2936 and 2911 cm–1 are attributed to (C–H), 
a sharp band at 1100 is attributed to the vibration of 
(C–C), a medium shoulder peak at 917 cm–1 is linked 
to the vibration of (C–O). The asymmetric and sym-
metric stretching vibrations of (COO–) from carboxyl-
ate group were observed at 1437 and 1339 cm–1. By 
comparing the spectra of polyvinyl alcohol nanofibers 
and incorporated nanofibers, several shifts in peaks 
were observed. On the spectra of electro-spun incor-
porated nanofibers mat, stretching and bending vibra-
tions of (O–H) shifted to 3275 and 1579. Also (C–H) 
bands shifted to 2930 and 2915 cm–1. Asymmetric and 
symmetric stretching vibrations of (COO–) are shifted 
to 1434 and 1380 cm–1. Another major change can be 
observed at 679 cm–1 whereby a new peak is formed 

Figure 1.  (a) and (b) SEM micrographs of PVA nanofibers. (c) and (d) micrographs of PVA/Co-MOF nanofibers.
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which is due to (Co–O). It is concluded that there were 
a given amount of cobalt metal organic frameworks in 
electro-spun fibrous mat.

TGA was used to study the thermal stability of the 
as-prepared electro-spun polyvinyl alcohol nanofibers 
and incorporated nanofibers. TGA-DTA curves in Fig-
ure 3(a) polyvinyl alcohol nanofibers and Figure 3(b) 
incorporated nanofibers. In Figure 3(a) it was observed 
that the nano-composite undergoes multiple decom-
position stages: first decomposition occurred between 
30–75°C which was mainly caused by the loss of wa-
ter molecules that was physisorbed. Second decompo-
sition occurred between 149–371°C of which this is 
the most intense weight loss it corresponds to the side 
chains of polyvinyl alcohol nanofibers, the loss of H-
bond (hydrogen) between polyvinyl alcohol molecules 
and O-bond (oxygen) between C–O. Third decomposi-
tion 378–489°C corresponds to the disintegration of the 
main chain of polyvinyl alcohol. Incorporated nanofi-
bers on Figure 3(b) it was observed that decomposi-
tion points slightly moved higher. First decomposition 
occurred between 30–91°C, second decomposition 
201–343°C, and the third decomposition 360–501°C. 
Incorporated nanofibers exhibit higher decomposition 
temperature than polyvinyl alcohol nanofibers. Thus, 
it confirmed the interactive force between cobalt metal 
organic frameworks and polyvinyl alcohol nanofibers.

The effect of temperature on adsorption Pb2+ to 

Figure 2.  FTIR spectra of PVA nanofibers (dotted line) and PVA/Co-MOF nanofibers (solid line).

Figure 3.  Thermalgravimetric analysis (TGA) and Derivative ther-
mogravimetric analysis (DTA) of (a) PVA nanofibers, and (b) PVA/
Co-MOF nanofibers.
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polyvinyl alcohol nanofibers and incorporated nanofi-
bers was investigated at different temperatures of 25, 
40, 60 and 80°C as shown in Figure 4. It was observed 
in particular at the beginning phases, rate of adsorption 
was high. After which no significant change in adsorp-
tion was observed as temperature increased further in-
creased as the system reached equilibrium. This results 
shows that temperature has no effect on the adsorption 
Pb2+ onto nanofibers composites. 

Time effect indicates the duration required for maxi-
mum sorption to occur. Figure 5 shows the effect of 
time at (10, 20, 30, 40 and 60 min) on the sorption Pb2+ 
ions onto electro-spun nanofibers. It was observed that 
sorption Pb2+ onto polyvinyl alcohol nanofibers and in-
corporated nanofibers was very rapid at the initial stag-
es especially first 10 min of the contact period. This is 
because of the presence of multiple vacant sites at the 
beginning of the sorption process but proportionally 
as the sorption sites decreased in number and became 
saturated, the sorption rate was slowed down. Maxi-
mum sorption’s were 10.25% and 44.51% occurred at 
60 min for polyvinyl alcohol nanofibers and incorpo-

rated nanofibers respectively. Nanofibers surface va-
cant sites were filled relatively fast, this suggests that 
Pb2+ uptake was rapid and subsequently the unreacted 
vacant sites were out of reached due to the repulsive 
forces between Pb2+ ions. Results showed that incor-
porated nanofibers adsorbed far much better than plain 
polyvinyl alcohol nanofibers.

The percentage sorption Pb2+ by polyvinyl alco-
hol nanofibers and incorporated nanofibers at differ-
ent concentrations of Pb2+ (20, 40 and 60, 80 and 100 
mg/L) is presented in Figure 6. It was observed that the 
increasing concentration increased also the adsorption 
until equilibrium was reached. This is due to readily 
useable active sites at low Pb2+ concentrations, but at 
high Pb2+ concentrations, nanofibers sorption capabil-
ity was lessened due to decreased accessible active 
sites.

The surface covered by Pb2+ ions is given as 0.2206 
and 0.4964 for polyvinyl alcohol nanofibers and in-
corporated nanofibers respectively as shown in Table 
4. This suggests that over 22 and 49% of the surfaces 
of polyvinyl alcohol nanofibers and polyvinyl alco-

Figure 4.  Plot of temperature effect on the removal of Pb2+ ions by 
() PVA nanofibers and () PVA/Co-MOF nanofibers.

Figure 5.  Plot of time dependant studies on the removal of Pb2+ ions 
by () PVA nanofibers and () PVA/Co-MOF nanofibers.

Table 1.  Temperature Effect Data for Pb2+ Adsorption Conditions.

PVA Nanofibers

Co (mg/L) Ce (mg/L) qe (mg/g) Temperature (°C) pH Adsorption Time (min)

60 48.5562 19.073 25 5.03 30
60 48.11415 19.80975 40 5.03 30
60 47.95 20.08333 60 5.03 30
60 46.3651 22.72483 80 5.03 30

PVA/Co-MOF Nanofibers

Co (mg/L) Ce (mg/L) qe (mg/g) Temperature (°C) pH Adsorption Time (min)

60 29.985 50.025 25 5.03 30
60 27.1058 54.82367 40 5.03 30
60 26.95845 55.06925 60 5.03 30
60 26.858 55.23667 80 5.03 30
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hol nanofibers incorporated with cobalt metal organic 
frameworks were covered by the Pb2+ ions. It further 
indicated that higher degree adsorption occurred on 
incorporated nanofibers (49%) as compared to (22%) 
polyvinyl alcohol nanofibers.

To determine whether Pb2+ to electro-spun nanofi-
bers sorption were favourable or not, separation fac-
tor (Sf ) was calculated. (Sf ) values were 0.7028 and 
0.4964 for polyvinyl alcohol nanofibers and polyvinyl 
alcohol nanofibers incorporated with cobalt metal or-
ganic frameworks respectively. Both (Sf ) obtained val-
ues were under one and above zero indicated that the 
sorption Pb2+ ions onto electro-spun composites was 
favourable as presented in Table 4.

The potential of electro-spun nanofibers compos-
ites to liberate lead ions in solution was determined by 

cycles of equilibria sorption process required accord-
ing to the magnitude of the partition coefficient (Kd) 
as presented in Table 4. The obtained values (3.5315) 
and (1.0143) for polyvinyl alcohol and incorporated 
nanofibers. This indicated that incorporated nanofibers 
was more effective as the required cycles of equilibria 
sorption were fewer to liberate the levels of Pb2+ ions 
in aqueous solution.

Percentage removals of the electro-spun composites 
were calculated to be 25.50 and 59.41 mg/g for poly-
vinyl alcohol nanofibers and incorporated nanofibers 
respectively using Equation (1) as shown in Table 4. 
This indicated that more Pb2+ ions up-take occurred on 
incorporated nanofibers.

The heat of adsorption (Qads) for the sorption 
Pb2+ ions was calculated and obtained the values of  

Table 2.  Time Dependence Studies Data for Pb2+ Adsorption Conditions.

PVA Nanofibers

Co (mg/L) Ce (mg/L) qe (mg/g) Temperature (°C) pH Adsorption Time (min)

60 57.5116 4.147333 25 5.03 10
60 56.2039 6.326833 25 5.03 20
60 55.3663 7.722833 25 5.03 30
60 54.5291 9.118167 25 5.03 40
60 53.8489 10.25183 25 5.03 60

PVA/Co-MOF Nanofibers

Co (mg/L) Ce (mg/L) qe (mg/g) Temperature (°C) pH Adsorption Time (min)

60 41.8953 30.1745 25 5.03 10
60 37.594 37.34333 25 5.03 20
60 36.6552 38.908 25 5.03 30
60 35.9377 40.10383 25 5.03 40
60 33.28995 44.51675 25 5.03 60

Table 3.  Concentration Effect Data for Pb2+ Adsorption Conditions.

PVA Nanofibers

Co (mg/L) Ce (mg/L) qe (mg/g) Temperature (°C) pH Adsorption Time (min)

20 17.435 12.825 25 5.03 30
40 32.2475 19.38125 25 5.03 30
60 47.5379 20.77017 25 5.03 30
80 61.0884 23.6395 25 5.03 30
100 77.9327 22.0673 25 5.03 30

PVA/Co-MOF Nanofibers

Co (mg/L) Ce (mg/L) qe (mg/g) Temperature (°C) pH Adsorption Time (min)

20 11.54 42.3 25 5.03 30
40 19.102 52.245 25 5.03 30
60 30.52 49.13333 25 5.03 30
80 39.954 50.0575 25 5.03 30
100 50.35698 49.64302 25 5.03 30
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(–5.3145) and (–1.9306) respectively for polyvinyl 
alcohol nanofibers and incorporated nanofibers. Nega-
tive values indicated that the sorption that occurred was 
exothermic. Pb2+ to electro-spun nanofibers sorption 
favoured more of low temperatures. Thus increased 
temperatures did not improve the sorption processes.

(Ea) and (S*) were determined by using Equation 
(8). The values of (Ea) and (S*) are respectively pre-
sented in Table 5 as (–2.1584) and (0.7734) for poly-
vinyl alcohol nanofibers, (–7.2235) and incorporated 
nanofibers gave (0.450). On both instances (Ea) values 
indicated that very low energy was required to start the 
sorption and the followed processes were exothermic. 
(S*) evaluated the ability of Pb2+ ion to stay attached 
onto nanofibers. If S* > one (no sorption), S* = one 
(variety of physisorption and chemisorption), S* = 
zero (bound, chemisorption), zero < S* < one (bound, 
physisorption). The obtained S* values for Pb2+ ions 
sorption onto electro-spun nanofibers were less than 
one which indicated the sorption was favourable and 
physisorption mechanism was dominant.

The Gibbs free energy (ΔGo) was determined to as-
sess the spontaneity of the sorption process. Obtained 

(ΔGo) values of (–3.592) for polyvinyl alcohol nano-
fibers and (–0.617) for incorporated nanofibers, were 
in the negative region indicated that the sorption were 
spontaneous, no extra energy was required to kick start 
the process.

The apparent enthalpy (ΔHo) and entropy (ΔSo) of 
adsorption were also calculated as shown in table 5. 
The values of enthalpy change (ΔHo) were (–2.6857) 
and (–1.4977) for polyvinyl alcohol and incorporated 
nanofibers respectively. Negative values for (ΔHo) sug-
gested that the sorption favoured lower temperatures. 
The entropy change (ΔSo) gave positive values (2.9) 
and (6.1) for polyvinyl alcohol nanofibers and incorpo-
rated nanofibers respectively, this indicated that Pb2+ 

ions were not restricted in the electro-spun nanofibers 
and physisorption mechanism was dominant. 

Chance of Pb2+  in finding out active site on the sur-
face of electro-spun nanofibers was determined by the 
number of hopping (n). Polyvinyl alcohol nanofibers 
and incorporated nanofibers respectively gave the (n) 

Figure 6.  Plot of concentration effect on the removal of Pb2+ ions by 
() PVA nanofibers and () PVA/Co-MOF nanofibers.

Table 4.  Equilibrium and Kinetic Parameters.

Composite Surface Coverage (θ) Separation Factor (Sf) Sorption Coefficient (Kd) Percentage Removal (%)

PVA Nanofibers 0.2206 0.7028 3.5315 25.50
PVA/Co-MOF Nanofibers 0.4964 0.3572 1.0143 59.41

Figure 7.  Plot of Log(qe-qt) vs. t for adsorption of Pb2+ onto () PVA 
nanofibers and () PVA/Co-MOF nanofibers.

Table 5.  Thermodynamic Parameters.

Composite

Heat of 
Adsorption, 

Qads (KJ/mol·K)

Sticking 
Probability, 

S*

Activation 
Energy, 

Ea (JK·mol)

Gibbs Free 
Energy of 

Adsorption, 
ΔGo (KJ/mol)

Apparent 
Entropy, 

ΔSo (J/mol·K)

Apparent 
Enthalpy, 

ΔHo (J/mol)

Hopping 
Number, 

n

Adsorption 
Potential, 
A (KJ/mol)

PVA Nanofibers –5.3145 0.7734 –2.1584 –3.592 2.9 –2.6857 1 0.7566
PVA/Co-MOF Nanofibers –1.9306 0.450 –7.2235 –0.617 6.1 –1.4977 2 2.359
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values of (1) and (2). Faster sorption is indicated by a 
lower hopping number. Obtained number of hopping 
(n) values for both polyvinyl alcohol nanofibers and 
incorporated nanofibers indicated that the sorbed Pb2+ 

ions were very rapid. 
The apparent change in chemical potential that took 

place as Pb2+ ions was attracted from the solution to 
the surface of electro-spun nanofibers were determined 
to be (0.7566) for polyvinyl alcohol nanofibers and 
(2.359) for incorporated nanofibers.

Plots of pseudo first and second order are shown in 
Figures 7 and 8 respectively. Best fitted kinetic model 
is evaluated by the magnitude of coefficient of deter-
mination (R2) given in Table 6. It is clearly seen that 
the magnitude of the coefficient of determination for 
pseudo second order model are greater than those of 
the pseudo first order model. It is concluded that the 
experimental data best fitted pseudo second order ki-
netic mechanism.

Figure 9 and 10 shows Langmuir and Freundlich 
isotherms plots respectively and their coefficients of 
determination (R2) values are given in Table 7. The ex-
perimental data of polyvinyl alcohol nanofibers and in-
corporated nanofibers (R2) values shows that Langmuir 
isotherm fitted better than Freundlich isotherm.

Current reported work, incorporated (PVA/Co-
MOFs) nanofibers is superior to previously reported 
nanofibers adsorbents; polyacrylonitrile nanofibers 
modified with 2-(20-pyridyl)imidazole [24], electro-
spun chitosan nanofiber membranes [25].

CONCLUSION

In summary we successfully enhanced polyvinyl al-
cohol nanofibers adsorption capability. Percentage lib-
eration of Pb2+ ions from aqueous solution increased 
after incorporating polyvinyl alcohol nanofibers with 
cobalt metal organic frameworks, percentage removal 
increased from (25.50%) polyvinyl alcohol nanofibers 
to (59.41%) incorporated nanofibers. Kinetics studies 
showed that the uptake of lead ions by the nanofibers 

Figure 8.  Plot of t/qt vs. t for adsorption of Pb2+ onto () PVA nano-
fibers and () PVA/Co-MOF nanofibers.

Figure 9.  Plot of Langmuir isotherm plots, M/X against 1/Ce () PVA 
nanofibers and () PVA/Co-MOF nanofibers.

Table 6.  Kinetics Parameters for Pb2+ Adsorption 
onto PVA and PVA/Co-MOF Nanofibers Coefficient  

of Determination (R2).

Coefficient of Determination (R2)

Pseudo First 
Order

Pseudo Second 
Order

PVA Nanofibers 0.7102 0.9343
PVA/Co-MOF Nanofibers 0.8602 0.9982

Table 7.  Isotherm Parameters of Langmuir and 
Freundlich Coefficient of Determination (R2).

Coefficient of Determination (R2)

Langmuir Freundlich

PVA Nanofibers 0.9734 0.9814
PVA/Co-MOF Nanofibers 0.957 0.97

Figure 10.  Plot of Freundlich isotherm plots, InX/M against InCe () 
PVA nanofibers and () PVA/Co-MOF nanofibers.
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was very rapid, favoured at low temperatures and pre-
dominated by physisorption mechanism. Pseudo sec-
ond order model kinetics was followed by adsorption 
Pb2+ ions processes. Incorporated (PVA/Co-MOFs) 
nanofibers demonstrated to be more effective adsor-
bent than plain polyvinyl alcohol nanofibers. Data 
from this study will add to the knowledge base on the 
fabrication, characterization and the use of nanofibers 
incorporated with metal organic frameworks for the 
sorption studies.
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Table 5.  Comparison of state-of-the-art matrix resins 
with VPSP/BMI copolymers.

Resin System
Core Temp. 
(DSC peak) TE

Char Yield, 
%

Epoxy (MY720) 235 250 30
Bismaleimide (H795) 282 >400 48
VPSP/Bismaleimide copolymer
C379: H795 = 1.9 245 >400 50
C379: H795 = 1.4 285 >400 53
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