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Determination of Optimum Polymer Dose using UV-vis 
Spectrophotometry and its Comparison to Filtration Based Tests

SAMAN AGHAMIR-BAHA and BANU ÖRMECI 
Department of Civil and Environmental Engineering, Carleton University, 1125 Colonel By Drive, Ottawa, ON K1S 5B6, Canada

ABSTRACT: In this study, residual polymer concentration in sludge filtrate was mea-
sured by measuring the absorbance of samples at 190 nm. In addition, the method was 
used to determine the optimum polymer dose required to condition sludge. The optimum 
dose determined by the UV-vis method was compared to the optimum doses deter-
mined by the capillary suction time (CST) and filtration tests. The results showed the 
UV-vis method was in close agreement with the CST and filtration tests in determining 
the optimum polymer dose. The advantage of the UV-vis method over other methods is 
that it can be used in-line at wastewater treatment plants for monitoring and optimizing 
polymer dose.

INTRODUCTION

THE ease at which sludge is dewatered is mainly 
a function of polymer dose during conditioning 

phase; there is an optimum polymer dose that results in 
the most water release from sludge solids, above and 
below which dewatering is worsened. Dewatering per-
formance also changes by variations in factors such as 
duration and intensity of mixing.  

Due to the continuous changes in the wastewater 
characteristics and related treatment processes, sludge 
characteristics also change on a continuous basis. 
Changes in sludge characteristics require frequent ad-
justments to the optimum polymer dose that results in 
the most water release from sludge. To ensure that the 
polymer dosed to sludge is at the optimum dose, jar 
test experiments need to be performed by the treatment 
plant personnel. 

The difficulty with such tests is that they do not 
quantify a fundamentally based physical parameter of 
sludge, nor they can be easily employed for dewatering 
optimization, and predict the efficiency of a full-scale 
dewatering device [1]. Moreover, performing such 
tests, requires involvement of a highly skilled opera-
tor, and fails to produce real-time results; as they are 
time-consuming, and by the time the results are avail-
able, they might not be applicable, due to the constant 
changes in sludge characteristics. There is therefore the 

need for methods that can measure optimum polymer 
dose in-line, and make corresponding adjustments to 
concentration of polymer being added to sludge in real-
time. 

Some of the methods that were previously suggested 
for in-line polymer dose optimization include stream-
ing current detector [2,3], centrate viscosity [4], and 
torque rheology [5,6,7]. 

In-line and real-time methods would be further 
practical if they could directly measure the concentra-
tion of residual polymer in filtrate or centrate and use 
that information towards adjusting the concentration 
of polymer being added to sludge. However, moni-
toring the concentration of polymers in the filtrate is 
a formidable task not well suited to industrial appli-
cations as analytical techniques for this purpose are 
complicated and time consuming and do not permit 
real-time results. Electronic instrumentation to deter-
mine electric charge is available, but such devices are 
expensive, and do not differentiate between charge 
associated with a polymer, or charge from other 
sources, including the water, solids, or other constitu-
ents in the effluent [8]. 

Nevertheless, Budd et al. [8] developed a method 
for controlled addition of polymer in water treatment 
plants based on direct measurements of residual poly-
mer concentration to produce water with low solids 
contents for utilization in industry. For this purpose, 
depending on the concentration of polymer being add-
ed to untreated water, a fluorescing molecule, with an 
opposite charge to that of polymer was also added. The *Author to whom correspondence should be addressed.  
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oppositely charged polymer and fluorescing molecule 
then produced a complex that could be used to monitor 
the concentration of polymer in the effluent. The con-
centration of polymer being added to water could then 
be adjusted based on the concentration of polymer-flu-
orescing complex in the effluent using a control loop. 
This method was the first attempt to directly measure 
the residual polymer concentration. However, the need 
for introduction of an external fluorescing molecule 
to water and potential consumption of the fluorescing 
molecule with other water constituents limited the ap-
plication of the method. 

UV-Vis spectroscopy has recently emerged as a 
new method for detection of polymers used in water 
and wastewater treatment [9,10,11]. It was reported 
that polyacrylamide polymers strongly absorb light at 
around 190 nm and the absorbance is directly propor-
tional to the polymer concentration. The goal of this 
study was to determine whether the UV-Vis method 
could successfully be used for the detection of residual 
polymer in sludge filtrate after dewatering, and whether 
a relationship could be established between the resid-
ual polymer concentration in filtrate and the optimum 
polymer dose. If successful, the UV-Vis method could 
potentially be used in-line and real-time at treatment 
plants in the future to achieve optimization of polymer 
dose and sludge dewatering. UV-Vis spectroscopy is 
especially suitable for this, as in-line spectrophotom-
eters are already used at water treatment plants for de-
tection of organic matter and full-scale in-line instru-
ments are available in the market. 

MATERIALS AND METHODS 

Polymer Stock Solution 

Polymer stock solutions of 5 g/L or 0.5% were pre-
pared as follows: in three plastic weighing dishes, 5 g 
of Zetag8160 (polyacrylamide, medium-high cationic 
charge, high molecular weight, granular solid form), 
5 g of SNF475 (polyacrylamide, high charge density, 
ultra-high molecular weight, granular solid form), and 
5 g of CIBA (polyacrylamide, high charge density, 
high molecular weight, free-flowing microbead) were 
weighted using a scale (SI-114, Denver Instruments, 
Canada), and decanted into three 1 L glass beakers. 
The beakers were then diluted with deionized water up 
to a volume of 1 L. Using a jar tester (Phipps and Bird, 
USA), the mixtures were then stirred at 300 rpm for 5 
minutes followed by 55 minutes at 250 rpm and were 
allowed to rest for 60 minutes prior to usage. 

Dewatering Experiments 

Anaerobically digested sludge from the Ottawa 
Wastewater Treatment Plant (ROPEC) was collected 
and was mixed at 200 rpm for two minutes and 30 
seconds using a jar tester. A minimum of five differ-
ent polymer concentrations was used for conditioning 
sludge. The polymers used for dewatering tests includ-
ed Zetag8160, SNF475 and CIBA. 

Capillary Suction Time (Type 319 multi-CST, Tri-
ton Electronics, Canada) and filtration tests were used 
as indicators to monitor the filterability of conditioned 
sludge samples. Three replicates were used for the CST 
test. 

For filtration tests, 200 mL of the conditioned sludge 
samples was poured in the funnel of the filtration ap-
paratus, using a medium-flow filter paper (#P5, Fisher 
Scientific, Canada). A time of about 3 minutes was 
allowed for filtration and the final volume of the col-
lected filtrate was recorded for each sample.  

The filtrate from the filtration tests was then diluted at 
a ratio of 1v (filtrate): 9v (deionized water). The absor-
bance of the diluted samples was measured using a UV-
Vis Spectrophotometer (Cary 100 Bio UV-Vis Spectro-
photometer, Varian Inc./Agilant Technologies, Canada) 
and was recorded at a range of 190–300 nm using the 
Scan software (Cary WinUV, Varian Inc., Canada). 

RESULTS AND DISCUSSION 

Capillary Suction Time (CST) 

CST is the time the liquid fraction of the conditioned 
sludge takes to travel 1 cm radially. CST has its lowest 
value at around the optimum dose and increases in the 
under dose and over dose polymer range producing a 
U shaped curve. Figures 1 through 3 demonstrate the 

Figure 1.  CST test results from Zetag 8160 (average of three mea-
surements).
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change in CST values of anaerobically digested sludge 
as the dosage of conditioner is changed for the three 
polymers of Zetag8160, SNF475, and CIBA, respec-
tively. The expected U shape trend is clearly evident 
with all of the different polymers used. 

As expected, the optimum polymer dosages are 
different between the three different polymers vary-
ing from 15–20 g polymer/Kg dry solids, with CIBA 
having the lowest and Zetag8160 having the highest 
optimum dose. The differences in the polymer doses 
can be explained by the differences in the chemistry of 
polymer and their compatibility with the characteris-
tics of the sludge used. 

Filtration Tests 

Filtrate volume is highest at the optimum polymer 
dose. As polymer dose increases, an increase in the 
amount of filtrate is expected until the optimum point 
is reached after which, further increase in polymer, re-
sults in reduction in filtrate volume. This provides the 
shape of an upside down U for the plot of filtrate vol-
ume versus polymer concentration. 

Figures 4 through 6 show the curves for volume of 
filtered sludge water as concentration of polymers of 
Zetag8160, SNF475, and CIBA are increased. The op-
timum dose associated with the three polymers ranged 
from 17–20 g polymer/Kg dry solids with CIBA poly-
mer having the lowest optimum dose, and Zetag8160 
polymer having the highest. The same trend was ob-
served for CST tests of the three polymers. 

For the polymers of Zetag8160 and SNF475, the 
CST and filtration tests agree on the same polymer 
dose to be the optimum. For the CIBA polymer, the 
CST test shows the optimum dose to be 15 g polymer/
Kg dry solids whereas in the filtration test, a sludge 
sample containing 17.5 g polymer/Kg dry solids ap-
pears to have the highest volume of filtrate produced. 
This is likely because the sub-samples taken for CST 
and filtration tests from mother-sample differed in 
terms of the solid/liquid content. In other words, since 
these samples were poured from a larger conditioned 
and flocculated mother sample, there is a high chance 
that the solid and liquid proportions were not equal for 
different sub-samples. Therefore, some variation in re-
sults between different sub-samples taken for CST and 
filtration tests could be expected. 

Figure 2.  CST test results from SNF475 (average of three measure-
ments).

Figure 3.  CST test results from CIBA (average of three measure-
ments).

Figure 4.  Filtration test results from Zetag8160.

Figure 5.  Filtration test results from SNF475.
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Absorbance Method 

The absorbance spectra of diluted filtrate samples 
were measured at 190 nm, which was reported to be 
in the wavelength range where peak absorbance is 
observed for polyacrylamide polymers (Gibbonsand 
Örmeci, 2013 and Al Momani and Örmeci, 2014). 
Figure 7 shows the absorbance values of Zetag8160 
plotted against polymer concentration. The same 
measurements for SNF475 polymer are provided in 
Figure 8, and for CIBA polymer in Figure 9, respec-
tively. 

As shown in Figures 7, 8, and 9, as the concentration 
of polymers are increased, the absorbance of filtrate 
decreases up to a point, after which, further increase 
in polymer concentration results in an increase in the 
filtrate absorbance. This trend is very similar to what 
would be expected from a conventional filterability test 
such as CST. 

This absorbance behavior of filtrate at λ = 190 nm 
could be explained by the fact that as polymer dose 
increases, smaller particles are removed from filtrate 
and are incorporated in the flocs, the filtrate gets purer 

and this results in a decrease in the absorbance of fil-
trate. This trend continues until the optimum dose is 
reached. Beyond the optimum point, the extra polymer 
associates in the liquid (filtrate) phase directly due to 
the lack of new sludge surfaces to react with, and there-
fore increases the absorbance of the filtrate at 190 nm. 
Consequently, the absorbance of the filtrate exhibits a 
U shaped curve and the minimum absorbance corre-
sponds to the optimum polymer dose.  

In Figure 7, the increase in filtrate absorbance in 
the over-dosing region is clearly evident. However in 
Figures 8, and 9 this increase is not as steep as Fig-
ure 8, and instead of having one point corresponding 
to a minimum absorbance value, the plots exhibit a 
minimum plateau. This is likely due to the low dilu-
tion ratio that was used to dilute the filtrate samples. 
The measured absorbance values are on the high side 
and exceed the ideal detection range (0–1 AU) of the 
instrument, which results in loosing the sensitivity of 
the measurements. Nonetheless, the first point in the 
plateau (minimum region) corresponds to the optimum 
dose for SNF475, and CIBA polymers. 

Based on the explanation given above, the optimum 

Figure 7.  Filtrate absorbance at 190 nm with Zetag8160 (average of 
three measurements). 

Figure 6.  Filtration test results from CIBA. Figure 8.  Filtrate absorbance at 190 nm with SNF475 (average of 
three measurements).

Figure 9.  Filtrate absorbance at 190 nm with CIBA (average of three 
measurements).
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dose for Zetag8160, and SNF475 polymer appears to 
be 20 g/Kg dry solids, whereas for CIBA polymer it is 
17.5 g/Kg dry solids. 

Comparison of Optimum Doses 

The purpose of running CST and filtration tests in 
this chapter was to determine whether the optimum 
polymer dose specified by UV-Vis spectroscopy would 
be in agreement with the optimum doses determined by 
the conventional filterability tests. The optimum doses 
approximated by each method and for each polymer 
are provided in Table 1. 

As demonstrated in Table 1, for two out of the three 
polymers assessed, the result from absorbance method 
either agreed with the result of one (CIBA) or both 
tests (Zetag8160), and for SNF475 polymer there was 
a close agreement between the optimum doses deter-
mined by absorbance test to that of CST, and filtration 
tests. The differences could be explained by the differ-
ences in samples, different structures of polymers as 
well as the chosen incremental increases in polymer 
during jar tests. 

Use of Absorbance Method as an In-Line Method 

The results illustrated herein indicate that the UV-
Vis absorbance method can be used for the detection 
and quantification of residual polymer in filtrate af-
ter sludge dewatering, and also for the determination 
of the optimum polymer dose required to condition 
sludge. A control loop such as the one presented in Fig-

ure 10 can be used in an automated system to identify 
the optimum polymer dose in-line and make frequent 
adjustments in polymer dosage being added to sludge 
in real-time. UV-Vis spectroscopy is especially suit-
able for this purpose, since there is no need for chemi-
cal reagents. 

CONCLUSIONS 

A new UV-Vis based method was used for detec-
tion of residual polymer concentration in filtrate af-
ter sludge dewatering and identification of optimum 
polymer dose required to condition sludge. The op-
timum polymer dose was also identified using well-
established CST and filtration tests. For the three 
different polymers assessed, the results from UV-Vis 
based method were in close agreement with the CST 
and filtration tests. One of the advantages of the UV-
vis method is that it can be used in-line at wastewater 
treatment plants to generate real-time information on 
polymer dosing. As the next step, the method should 
be tested at a full-scale treatment plant to confirm the 
results of this study at the full-scale. 

Table 1.  Optimum Doses for All Polymers Determined 
by All Methods.

Polymers

Optimum Dose for: (g/Kg dry solids)

CST  Filtration Test   Absorbance Test

Zetag8160 20 20 20
SNF475 18 18 20
CIBA 15 17.5 17.5

Figure 10.  Example of a control loop for automatic adjustments in dosage of polymer being added to sludge using an in-line 
UV-vis spectrophotometer. 
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Co-Digesting Sewage Sludge Using Rice Straw and  
Effective Microorganisms (EM1)

E. RASHED1, A. HASSAN2 and L. AHMED2,*
1Sanitary Engineering Department, Faculty of Engineering, Cairo University

2Sanitary Engineering Departments, National Housing and Building Research Center

ABSTRACT: Anaerobic digestion is a solution for sludge management. It is organic mat-
ter converted into methane which is renewable energy. This energy is used to enhance 
performance of co-digestion of sewage sludge using rice straw and effective microor-
ganisms (EM1). A study using a bench scale was installed at El-Berka waste water 
treatment plant (WWTP) in the El-Salam district, Cairo, Egypt with mesophillic conditions 
for thickened sludge. The bench scale was monitored for three stages over 20 days of 
operation to choose the most suitable rate of rice straw and EM1 mixed with thickened 
sludge. It was concluded that 20% rice straw and 1:250 EM1 mixing rate was the most 
suitable ratio based on COD and total VSS destruction percentage. Results showed a 
reduction of COD and total VSS up to 70 and 77%, respectively.

INTRODUCTION

THE purpose of treating wastewater is to remove im-
purities and to consolidate it into a smaller volume 

of liquid. The objective of processing sludge in this 
manner is to extract its water from solids and dispose 
of the de-watered residue (i.e., the solids). Concentra-
tion of organic matter in wastewater may be within 
200 mg/l while that in a typical sludge could be within 
40,000 mg/l. Thus, treatment of 1 million m3 of waste-
water produces about 5,000 m3 of sludge [1]. Quanti-
ties and nature of sludge relates to characteristics of 
raw wastewater and selected processing methods.

Sewage sludge, a product of wastewater treatment, 
is rich in nutrients and trace elements and may be re-
used in agriculture as a fertilizer and soil conditioner. 
High odor emission, high levels of heavy metals and 
toxic organic compounds, and presence of potentially 
pathogenic microorganisms demand pretreatment of 
sewage sludge before agricultural related application 
[2].

A major problem facing municipalities throughout 
the world is the treatment, disposal, and/or recycling 
of sewage sludge [3]. For many years the methods and 
technologies for sewage sludge treatment which are 
implemented in Egypt were very limited. The main fo-

cus was devoted to the process of sludge drying mainly 
through natural drying beds without any interest related 
to the characteristics or quality of sludge produced. Re-
cently, there is an interest in expanding the use of new 
techniques and methods for sewage sludge treatment.

The existing wastewater treatment plants in Egypt 
produce an estimated quantity of dry sludge of 950,000 
tons per year and are expected to increase to 2 million 
tons/yr by 2020. Various treatment techniques are em-
ployed for sludge. Presently in Cairo at a wastewater 
treatment plant in the east bank area, produced sludge 
is treated in temporary drying beds [4].

The handling of sewage sludge is one of the most 
significant challenges in wastewater management. In 
many countries sewage sludge is a serious problem due 
to high treatment costs and risks to environment and 
human health. Although, the volume of produced sew-
age sludge represents only 1–2% of treated wastewater 
volume, its management costs usually range from 20% 
to 60% of total operating costs for the wastewater treat-
ment plant [5].

Anaerobic digestion is an interesting solution to the 
wastewater sludge management issue. Objectives of 
anaerobic digestion are stabilization of organic solids, 
sludge volume reduction, odor reduction, and destruc-
tion of pathogenic organisms, useful gas production, 
and improvement of sludge dewaterability. Volatile 
solids are typically reduced by 60–75% with final vola-
tile matter contents of 40–50%.*Author to whom correspondence should be addressed.  
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Use of Effective Microorganisms (EM) is consid-
ered a global technique being used in more than 120 
countries worldwide [6]. EM was originally developed 
as a microbial enhancer for soil applications and crop 
production in farming systems [7], but later was dis-
covered to have very successful applications in the 
waste sector [8] 

EM1 are the consortia of beneficial and naturally oc-
curring microorganisms which are not chemically syn-
thesized or genetically modified. The EM1 solution is 
the blending of effective microorganisms in molasses 
at low pH. EM1 has wide application in the field of ag-
riculture, natural farming, livestock, gardening, com-
posting, and bioremediation [9]. EM treated sludge is 
used as fertilizer as it is enriched with beneficial micro-
organisms [10].

EM is a mixture made up of groups of organisms 
that have a reviving action on humans, animals, and 
the natural environment [11]. It has also been described 
as a multi-culture of coexisting anaerobic and aerobic 
beneficial microorganisms [12]. Main species in EM 
include the following:

•• Lactic acid bacteria—Lactobacillus plantarum, L. 
casei, Streptoccus lactis

•• Photosynthetic bacteria—Rhodopseudomonas 
palustrus, Rhodobacter spaeroides

•• Yeasts—Saccharomyces cerevisiae, Candida utilis
•• Actinomycetes—Streptomyces albus, S. griseus
•• Fermenting fungi—Aspergillus oryzae, Mucor hie-

malis [13]

Activation of EM involves addition of 7 L of chlo-
rine free water and 1.5 kg of brown sugar to 3 L of 
dormant EM one week prior to application. These in-
gredients were mixed together in either a 15 L or 20 
L container and stored in an area with minimal tem-
perature fluctuations. A major influence on the survival 
of microorganisms is temperature of their environment 
with significant temperature fluctuations impacting 
survival. The pH is also a determining factor. It was 
demonstrated that the pH of the EM should be approxi-
mately 4.5 [14]. 

This study examined the effect of co-digesting sew-
age sludge and agricultural residues (e.g., rice straw, 
grass clipping, sugar cane refuse, and maize stalks) in 
an anaerobic digester and found improvement in COD 
destruction, VSS destruction, and total alkalinity. The 
author arranged different residues according to im-
provement of effluent sludge characteristics as follows 
(1) rice straw, (2) grass clipping, (3) sugar cane refuse, 
and (4) maize stalks. Essential elements & heavy met-

als were observed in the effluent of the mixture of rice 
straw and sewage sludge to investigate it as fertilizer. 
Results indicated permissible concentration for agri-
cultural use [14].

It was suggested that introducing EM1 into anaero-
bic treatment facilities helped to reduce unpleasant by-
products of decomposition and also reduced produc-
tion of residual sludge. These factors tend to suggest 
that theoretically EM1 should assist in treatment of 
wastewater by improving quality of water discharged 
and reducing volume of sewage sludge produced [15].

MATERIALS AND METHODS

The main objective here is to improve performance 
of treated thickened sludge by addition of rice straw as 
a source of organic carbon and EM1.

The sludge used in these experiments was thickened 
sludge, obtained from the gravity thickener of El-Ber-
ka wastewater treatment plant. Different ratios of rice 
straw and EM1 were mixed with thickened sludge to 
achieve a suitable mixing ratio to improve sludge treat-
ment. A lab scale reactors were designed to achieve the 
objective of this study as an anaerobic conditions as 
shown in Figure 1.

Batch operation was divided into three stages. In 
these stages thickened sludge was mixed with different 
mixing ratios of EM1, and rice straw. The mixing ratio 
was as follows 0%, 10%, and 20% rice straw and 0, 
1:250, 1:500, and 1:1000 EM1 for each run. 

The batch operation with 20 days hydraulic reten-
tion time for each stage began on 01/06/2013 and fin-
ished on 02/08/2013. Physico–chemical analysis was 
carried out according to the American Standards Meth-
ods for examination of water and wastewater. Reactors 
performance was monitored by measuring total solids 

Figure 1.  Schematic diagram of reactor in lab scale. (a) 5L glass 
bottles with closed stoppers (Reactor), 3L working volume; (b) 
3L glass bottles with closed stoppers filled with water to measure 
amount of gas released; (c) 3L glass bottles with closed stopper to 
measure displaced water; and (d) Bottles were connected with poly 
vinyl chloride (PVC) pipes.
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(T.S.) and total volatile suspended solids (V.S.S.), pH, 
Chemical oxygen demand (COD), biological oxygen 
demand (BOD), alkalinity, and methane released.

RESULTS

Samples of influent were collected at the beginning 
of experiments. Effluent samples were collected after 
20 days hydraulic detention time. Stage 1, chemical 
characteristics of influent and effluent thickened sludge 
were measured and are displayed in Table 1 by adding 
0% rice straw with 0%, 1:250, 1:500, and 1:1000 EM1 
to thickned sludge. Figure 2 shows COD and total VSS 
for sewage sludge at 0% rice straw and different ratios 
of EM1 additions.

Stage 2, Chemical characteristics of influent and 
effluent thickened sludge were measured and are 
displayed in Table 2 with adding 10% rice straw 
with 0%, 1:250, 1:500, and 1:1000 EM1 additions.  
Figure 3 shows COD and total VSS for sewage sludge 
at 0% rice straw and for different ratios of EM1 addi-
tions.

Stage 3, Chemical characteristics of influent and 
effluent thickened sludge were measured as shown in 
Table 3 with addition of 20% rice straw and 0%, 1:250, 
1:500, and 1:1000 EM1 additions. Figure 4 shows COD 
and total VSS for sewage sludge at 20% rice straw and 
for different ratios of EM1.

Measuring Methane

Methane is one of the major products in digester op-
eration. Quality of biogas depends on relative amounts 
of CH4 and CO2 ultimately produced. Gases released 
from pilot reactors were difficult to measure because 
they escape with water. Therefore, biogas production 
was determined by means of a material balance. This 
may be done by measuring COD of all streams includ-
ing biogas which enter and exit the reactor. For the 
product of the gas phase carbon dioxide has zero COD 
since it is fully oxidized. The COD of methane may be 
calculated from its oxidation reaction.

CH 2O CO H O2 2 24 + → +

Table 1.  Characteristics of Influent and Effluent Wastewater Sludge by Adding 0% Rice Straw and Different  EM1 
Concentrations for Retention Time 20 days.

Date Samples
Temp. 

ºC pH
TS 

mg/l
TSS 
mg/l

VSS 
mg/l

COD 
mg/l

Alk 
mg/l

BOD5
mg/l

1-6 Inlet Th. Sludge 27 6.9 28620 23500 14800 27204 1900 16200
20-6 outlet Th. sludge 28 7.2 49540 32900 11230 22260 3800 13356
1-6 Inlet Th. Sludge 27 6.9 28620 23500 14800 27204 1900 16200
20-6 1:1000 EM 30 7.3 52640 35670 6390 16330 4160 7398
1-6 Inlet Th. Sludge 27 6.9 28620 23500 14800 27204 1900 16200
20-6 1:500 EM 30 7.44 57190 32505 7460 14640 4600 8784
1-6 Inlet Th. Sludge 27 6.9 28620 23500 14800 27204 1900 16200
20-6 1:250 EM 31 7.5 62680 29500 9840 12380 4800 9828

Figure 2.  (a) Inlet and Outlet COD values of TH.S with adding 0% R.ST and different EM1 concentrations (stage 1) and (b) Inlet and Outlet Total 
VSS values of TH.S with adding 0% R.ST and different EM1 concentrations (stage 1).
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DISCUSSION AND CONCLUSIONS 

It was noticable that addition of EM1 to thickened 
sewage sludge reduced offensive odours of sludge. 
Next, it was shown that rice straw and EM1 keeps the 
pH value near to the normal conditions. The character-
istics of EM1 and rice staw increase pH values due al-
kalinity of EM1 and the organic nitrogen in rice straw 
that would be converted into ammonia during the di-
gestion process. Therefore, the addition of rice straw to 
the EM1 balanced pH values. 

One of the main objectives of anaerobic digestion is 
decomposition and reduction of the organic fraction of 
feed sludge and in sludge analysis the organic fraction 
is estimated by determining volatile content of sludge. 
Therefore, it was found that by increasing the ratio of 
rice straw and EM1the total solids increased and VSS 
decreased because after digestion sludge volume was 
reduced due to separation of free water and sludge sta-

bilized into digested sludge and gases. Also, solid con-
centration increased by co-digested sludge rice straw 
and EM1. The effluent concentration increased and 
helped in sludge dewaterability. Creation of antioxidant 
environments by EM assists in enhancement of solid-
liquid separation the foundation for cleaning water.

It was shown in three stages that addition of EM1 to 
thickened sewage sludge decreased effluent COD val-
ues and concentration ratio of EM1 was increased the 
amount of microorganisms organic matter in the reac-
tor increased so COD value decreased. This is because 
COD corresponds to amount of oxygen required to oxi-
dize the organic fraction. More oxygen is consumed. 
BOD ratios also decrease by increasing concentration 
of rice straw and EM1. COD reduction reaches 70% at 
EM1 1:250 and rice straw reaches 20% and total VSS re-
duction reaches 74% at EM1 1:250 and rice straw 20%.

Aerobic co-digesting of thickened sludge with rice 
straw and EM1 improved the digestion process. The 

Table 2.  Characteristics of Influent and Effluent Wastewater Sludge with Addition of 10% Rice Straw and with 
Different EM1 Concentrations.

Date Samples
Temp. 

ºC pH
TS 

mg/l
TSS 
mg/l

VSS 
mg/l

COD 
mg/l

Alk 
mg/l

BOD5
mg/l

23-6 Inlet Th. Sludge 28 6.9 28620 23500 14800 27204 1900 16200
12-7 Outlet Th. sludge 30 7.54 49450 32900 11230 22260 3800 13360
23-6 Inlet Raw Sludge 28 6.9 28620 23500 14800 27204 1900 16200
12-7 0% EM 31 7.3 59390 40650 7450 13170 3950 7900
23-6 Inlet Th. Sludge 28 6.9 28620 23500 14800 27204 1900 16200
12-7 1:1000 EM 32 7.6 62640 38900 5250 14340 4800 8700
23-6 Inlet Th. Sludge 28 6.9 28620 23500 14800 27204 1900 16200
12-7 1:500 EM 31 7.1 69730 36400 4970 13320 5100 8000
23-6 Inlet Th. Sludge 28 6.9 28620 23500 14800 27204 1900 16200
12-7 1:250 EM 33 6.8 74360 35500 4520 11270 5400 6700

Figure 3.  (a) Inlet and Outlet COD values of TH.S with adding 10% R.ST and different EM1 concentrations (stage 2) and (b) Inlet and Outlet 
Total VSS values of TH.S with adding 10% R.ST and different EM1 concentrations (stage 2). 
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Table 3.  Characteristics of Influent and Effluent Wastewater Sludge with Addition of 20% Rice Straw and for 
Different EM1 Concentrations.

Date Samples
Temp. 

ºC pH
TS 

mg/l
TSS 
mg/l

VSS 
mg/l

COD 
mg/l

Alk 
mg/l

14-7 Inlet Th. Sludge 30 6.9 28620 23500 14800 27204 16800
2-8 Outlet Th. sludge 32 7.2 49540 32900 11230 22260 13360
14-7 Inlet Th. Sludge 30 6.9 28620 23500 14800 27204 16800
2-8 0% EM 31 7.4 76460 42700 6350 12560 7500
14-7 Inlet Th. Sludge 30 6.9 28620 23500 14800 27204 16800
2-8 1:1000 EM 33 7.74 79530 42850 4380 9910 5950
14-7 Inlet Th. Sludge 30 6.9 28620 23500 14800 27204 16800
2-8 1:500 EM 33 7.6 82560 40200 4270 9530 5700
14-7 Inlet Th. Sludge 30 6.9 28620 23500 14800 27204 16800
2-8 1:250 EM 34 7.53 88450 37400 3850 8340 5000

Figure 4.  (a) Inlet and Outlet COD values of TH.S with adding 20% R.ST and different EM1 concentrations (stage 3) and (b) Inlet and Outlet 
Total VSS values of TH.S with adding 20% R.ST and different EM1 concentrations (stage 3).

Figure 5.  Methane values for thickened sludge and different ratios of EM1. 
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most suitable ratio of rice straw and EM1 to be added 
to thickened sewage sludge according to the COD re-
moval is 1:250 EM1 and 20% rice straw (w/w). Mixing 
rice straw and EM1 with thickened sludge increases 
efficiency of the anaerobic digestion process. EM1 re-
duced pH to near normal conditions. Therefore, appli-
cation of such sludge to crops would not produce alkali 
conditions.
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ABSTRACT: In urban areas, motor vehicle emissions have been identified as the major 
source of urban air pollution, for they disperse and gather near roadside microenviron-
ments are influencing travelers’ health. In this paper, Random Forest was employed 
to build a-fine scale predicting model of roadside pollutant concentration, using traffic, 
meteorological and local geographic factors measured by a mobile monitoring platform 
in four urban roads with high spatial and temporal sampling interval. Models were built 
based on 700 5-min observations with MSE of CO prediction model being 8.3 and that of 
NOx model being 8.9. OOB examination assured its generalization ability and indicated 
that the models were converged with the tree number increased up to approximate 300 
for CO model and 450 for NOx model, respectively. Models were validated by the other 
125 5-min observations with desirable prediction results, which showed better prediction 
performance than ANN model. 

In urban area, traffic-related pollutants contribute a significant proportion to roadside 
microenvironment, which needs to be characterized since people spend a substantial 
percent of their outdoor time in this environment. Exposure to CO is associated with an 
increase in mortality from cardiovascular disease; exposure to NOx is directly associated 
with adverse effects on asthma disease [1] and respiratory system [2].

LITERATURE REVIEW

IN general, traffic-related emissions were primary ex-
haust from on-road vehicles, influenced by vehicle 

turbulence and local meteorological conditions, and 
dispersed among roadside microenvironment. Exten-
sive research has been conducted on the joint applica-
tion of emission model and dispersion model to char-
acterize the roadside air quality. For instance, COPERT 
and OSPM [3] and adjusted MOVES+AERMOD [4]. 
However, the emission models could not accurately 
stand for the real time on-road emission character [5]. 
Besides, Limitations in dispersion model [6–8] restrict-
ed the application of such models in predicting roadside 
pollutant concentration. Researchers conducted field 
experiment in specific locations [8,9] with measured 
variables including wind speeds, wind direction, traffic 
volume, occupancy, vehicle speed and headway as the 
input of ANN (Artificial Neural Networks) model to 
predict CO or NOx concentration, with the desirable 
prediction accuracy.

Initially, ANN have been achieved desirable perfor-
mance in predicting CO or NOx concentration in dif-

ferent temporal and spatial resolution [8,9]. However, 
ANN could not indicate the relationship between traf-
fic and roadside concentrations. Thus, multi-regression 
method was utilized to examine such relationships  
[10], to optimize the regression model, a generalized 
additive model was introduced. However, collinearity 
in multiple regression models and concurvity in gen-
eralized additive model might cause a discrepancy of 
quantitative relationship between traffic variables and 
the predicted concentration, influencing the prediction 
ability of the proposed model.

Random Forest (RF) was proposed by Breiman in 
2001 [12], which creates multiple classification and 
regression (CART) trees, can properly solves the prob-
lems of collinearity and concurvity existing in regres-
sion analysis and generalized additive model. In ad-
dition, RF also can provide a determinate relationship 
between the traffic and roadside concentration without 
losing prediction accuracy [13,14]. 

EXPERIMENTAL

Study Areas and Monitoring Protocol

Taking road characteristics, traffic density and road-
side building into account, four roads (Figure 1) were *Author to whom correspondence should be addressed.  
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selected in this study, two urban expressways (b,c), one 
arterial road (d) and one bypass (a). Mobile monitor-
ing platform can sample multi-source data simultane-
ously by instrumented transport equipment, meteoro-
logical and environmental instruments [14–17]. In this 
study, the vehicle monitoring platform was based on 
an IVECO turbo vehicle with CO (Model 48i-TLE, 
Thermo Scientific, USA), NOx (Model 42i, Thermo 
Scientific, USA) measuring device, and the sampling 
inlets were approximately 3.2m above ground level. 
The temporal resolution was 10s with an output reso-
lution of 1min. GPS/INS RT2500 is used to represent 
the average speed of the fleet. In addition, the surveyor 
used a Sony camera (HDR-XR160E, Sony Corpora-
tion) with high time resolution to concurrently record 
traffic condition and traffic volume.

Ten sampling locations were arranged for each road 
with 5 in each direction, and temporal resolution was 
approximate 100m along road direction. In each direc-
tion, 5 sampling locations were approximately evenly 
distributed along road direction. For each road, we took 
a 5-min stop at each sampling point, while local traf-
fic volume, instantaneous speed, number of truck and 
meteorological parameters were recorded per minute 
in the meantime. A loop (10 location × 5 min) measure-

ment of one road will cost approximate 60 minute to 
complete. In general, we took 4 loop measurements in 
one day, two for peak time and two for off-peak time. 
Monitoring campaign was completed during weekday 
from March to June, 2014 in Beijing, China. 

In this study, the selection of traffic variables is par-
tially referred to research [18]: real-time traffic and 
diesel truck count, and average speed, as well as me-
teorological characteristics. Those variables were typi-
cal and direct indicators of traffic pattern, and are easy 
to obtain by the public. 

METHDOLOGY

In this paper, methodology was based on Random 
Forest to make regression analysis in fine scale over 
street level, with the predictor vector considered as the 
predictor variable and pollutant concentration as the 
prediction result. 

A Random Forest is a classifier consisting of a col-
lection of tree-structured classifiers {h(x,Θk), k = 1, 
. . .}, where the {Θk} are independent identically dis-
tributed random vectors and each tree casts a unit vote 
for the most popular class at input [11]. Random forests 
for regression are formed by growing trees depend-

Figure 1.  Four study areas and sampling points.
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ing on a random vector Θ such that the tree predictor 
h(X,Θ) takes on numerical values as opposed to class 
labels [11]. 

In this article, RF algorithm was programmed in 
Matlab2012R platform, training data was firstly ob-

tained from source data set by bagging method [19]. 
Then, every tree starts with a “root node” that contains 
the training data from which the tree will be grown. 
The training data are then partitioned into two “child 
nodes” based on the value of an independent predictor 

Figure 2.  Description of data in 5-min scale.
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factor. The resulting child nodes each contains a subset 
of the training data. Each child node may be further 
partitioned, again based on the value of an indepen-
dent predictor factor. This process continues until a 
set of partitioning criteria are no longer met, resulting 
in terminal nodes. Terminal nodes, by definition, can-
not have offspring. The collection of terminal nodes 
forms a complete partition of the observations in the 
root node.

There are two reasons for using bagging method. 
The first is that the use of bagging seems to enhance 
accuracy when random features are used [11]. The 
second is that bagging can be used to give ongoing 
estimates of the generalization error of the combined 
ensemble of trees, as well as estimates for the strength 
and correlation. In this paper, Forest-RI was employed 
to take the feature selection. For input data, source data 
were scaled into the range of [–1, 1] in order to keep 
the data in same scale for analysis. Taking into account 
of computation time of RF, the maximum tree number 
in this paper was 1000. 

RESULTS AND DISCUSSION

Overview of Sampling Results

After 40 sampling days, we obtain approximate 
4870 min observations of pollutant concentration 
as well as the predictor variables. Road a, Road b,  
Road c and Road d accounted for 35.6%, 19.3%, 29.1% 
and 16% of the data, respectively. Since traffic volume 
is a quite volatile parameter, higher resolution of tem-
poral data might increase the randomness. To reduce 
sampling randomness and select time interval during 
which variables were rather stable, 5-min was seen as 
the unit, And traffic volume was aggregated while the 
other observations were averaged. After such process, 

824 5-min observations were obtained and considered 
as the training data. Summary of such data were illus-
trated in Figure 2. 

Correlations Among Predictor Variables

Firstly, 5-min sets of data were conducted corre-
lation analysis to understand the relationship among 
them. For relationship between pollutants and pre-
dictors, results indicated in Table 1 showed that CO 
concentration is significant correlated with humidity 
and volume, while NOx has a weak relationship with 
humidity and aspect ratio. Besides pollutant concen-
trations, it can be seen that volume has positive cor-
relation with that of truck number during sample in-
tervals. In addition, correlation shown between speed 
and volume was 0.44, indicating that using neither 
variable alone could well represent the traffic state. 
In sum, for predictive variables, most have a mod-
erate relationship with each other, which has limited 
the application of regression method, since the col-
linearity among them would decrease the prediction 
accuracy in the model. 

Prediction Result of Random Forest

704 5-min observations were used as training data, 
and the left 120 5-min observations as testing data. 
Testing data contains 30 5-min observations of each 
road. In training the model, OOB (out of bag) was em-
ployed in order to validate the generalization of the 
training model, like cross-validation method, ensuring 
the complete independence of training data and testing 
data. OOB also enhanced the model prediction accu-
racy and the convergence of the model by controlling 
two random variables: split feature and total number 
of trees. Figure 3 demonstrated that model converged 

Table 1.  Correlation Coefficient between Predictive Variables and Pollutant Concentration.

CO NOx Wd Ws Temp Humi Aspe Speed Vol Hea

CO 1
NOx 0.47 1
Wd –0.02 –0.24 1
Ws –0.24 –0.15 –0.008 1
Temp 0.0009 –0.25 –0.03 0.37 1
Humi 0.65 0.27 0.1 –0.3 –0.29 1
Aspe 0.2 0.28 0.04 –0.22 –0.47 0.18 1
Speed 0.18 –0.08 –0.01 0.03 0.16 0.14 –0.22 1
Vol 0.57 0.13 0.10 –0.14 0.16 0.30 0.14 0.44 1
Hea 0.44 0.22 0.07 –0.29 –0.2 0.36 0.31 0.39 0.69 1
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when the tree number of RF increased approximate to 
300 and 450 for CO model and NOx model, respec-
tively.

In training the model, important predictors can also 
be identified by RF. In Figure 4, results illustrated that 
important predictors were humidity, traffic volume and 
temperature in CO prediction model, while in NOx 
prediction model, rather important predictors were as-
pect ratio, humidity and temperature. The results dem-
onstrated that roadside pollutant concentration was 
related to various meteorological conditions as well 
as local geographical characteristics, and prediction 
merely by traffic predictors might contribute to signifi-
cant variance of accuracy. 

MSE (mean squared error) was employed to as-
sess the model, with the results of 8.3 (scaled data into 
[–1,1]) in CO concentration RF regression tree and 
5.9 (scaled data into [–1,1]) in NOx concentration RF 
regression tree, indicating that the models were pretty 
well constructed to fit the training data according to the 
RF theory. 

When the model was applied in predicting CO and 
NOx concentration, ANN model was also built for 
comparison. ANN was constructed in traditional three-
layer layout with same input variable number as RF, 
with 6 hidden layers and RBF (Radical Basis Function) 
active function. The model output was the correspond-
ing pollutant concentration and the process was imple-

Figure 3.  Relationship between tree numbers in RF and OOB error rate.

Figure 4.  Important predictors in training model (feature 1~8 represent wind direction, wind speed, temperature, humidity, aspect ratio, speed, 
volume and truck number, respectively).
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mented in the platform of Matlab 2012R. 120 5-min 
observations were considered as testing data, and the 
prediction results were demonstrated in Figure 5. It is 
obvious that RF shows better prediction ability than 
that of ANN, both in CO and NOx prediction perfor-
mance. MSEs in prediction process were 57.15 and 
43.60 for CO and NOx, respectively, which is in accor-
dance with that shown in Figure 5. Therefore, the pre-
diction model based on RF can be applied in predicting 
CO and NOx concentration in roadside microenviron-
ment, which implies that RF model can be a potential 
model in implementing prediction with higher predic-
tion accuracy.

CONCLUSIONS

In this study, RF theory was utilized in a fine-scale 
prediction of CO and NOx concentrations in roadside 
microenvironment with desirable results using traffic, 
meteorological and local geographic factors, which 
implied that if such factors were available, roadside 
traffic-related pollutant concentrations can be mod-
elled in a fine scale. In that case, mapping traffic-
related pollutant concentration in street level over 
ground level can become possible, which will help 

to understand and characterize variation of roadside 
pollutant concentration in high spatial and temporal 
resolution. Evidently, such a fine-scale air pollution 
prediction would facilitate the development of urban 
epidemiological study. 
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ABSTRACT: Portland cement was used to stabilize Zn and Pb contaminated soils sam-
pled from a mining area. A series of tests including unconfined compression test, pH 
test, toxicity characteristic leaching procedure (TCLP), and synthetic precipitation leach-
ing procedure (SPLP) were conducted in order to investigate the effects of curing time 
and cement content on the unconfined compressive strength and leachability of lead and 
zinc. The test results show that at the curing time of 28 d, the dry density and UCS of soil 
with 8% cement are approximately 2% higher than and 1.6 times, respectively, those of 
the soil with 4% cement. The pH values of TCLP and SPLP leachate drop by 1.19 to 1.23 
and 0.34 to 0.38, respectively when the curing time increases from 0 to 28 d. Moreover, 
the test results also show that the concentrations of leached Pb and Zn decrease with 
increasing curing time. 

LITERATURE REVIEW

THE abundant mineral resources in China are a 
major source of energy and industrial raw mate-

rials. However, the excessive exploitation of mineral 
resources has exposed serious impacts to surround-
ing environment. Soil contamination by heavy metals 
in the mining areas primarily results from down-hole 
mineral processing in metal mines, effluent discharge, 
tailings and abandoned mines [1]. Due to long-term 
water scouring and natural sedimentation, there exists 
a widespread and severe soil contamination in mining 
areas, resulting in potential geoenvironmental risks [2]. 
Heavy metal contaminated soils can cause deteriora-
tion in the local biosphere and expose environmental 
threats to eco-system [1]. It is reported that the concen-
trations of Pb and Zn in the soils of Hunan Huangshap-
ing Lead-Zinc Mining Area are 21 times and 29 times, 
respectively, higher than their background values [3]. 
Therefore, treatment of heavy metal contaminated 
soils in mining areas is of great importance.

The commonly used technologies of treating heavy 
metal contaminated soils include natural attenuation, 
isolation, and remediation [4–5]. Previous studies have 
investigated the use of phytoremediation and bioreme-
diation methods for remediating organic-contaminated 

industrial soils and farmland in China. Limited stud-
ies have been done on electrokinetic remediation for 
heavy metal contaminated soils [6]. Nevertheless, re-
mediation of contaminated soils in the mining areas 
receives limited attention; the electrokinetic remedia-
tion for lead (Pb) contaminated soils has high cost and 
needs relatively long time [7]. 

Solidification/stabilization (S/S) is used widely in 
treating heavy metal contaminated soils. The prevail-
ing binders for S/S are Portland cement and cement-
based cementitious materials. Solidification/stabiliza-
tion by cement materials involves mechanical mixing 
of cement and contaminated soils and immobilizing 
the heavy metals by encapsulation, sorption and pre-
cipitation (e.g., metal hydroxides). As a result, diffu-
sive properties of heavy metals will be lowered down 
and consequently satisfy environmental standards 
[8–9]. Minocha et al. [10] conducted a study on the 
early strength characteristics of Cu-contaminated slur-
ry solidified by Portland cement. However, Lee [11] 
indicated that the strength of the cement-solidified con-
taminated soils decreased with increasing Pb concen-
tration. Stepanova et al. [12] found that chlorides of 
Mn, Co, Ni, Cu, Zn and other heavy metals could react 
with the silicates and aluminates in cement, generating 
compounds that hinder its strength development. The 
toxicity characteristic leaching procedure (TCLP) test 
and synthetic precipitation leaching procedure (SPLP) 
test are widely used in many countries to study the *Authors to whom correspondence should be addressed.  
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leaching characteristics of pollutants in least favorable 
conditions in order to assess the safety of solidified 
contaminated soils.

In this study, a series of laboratory tests were con-
ducted on cement solidified heavy metal contaminated 
soils sampled from a mining area, including unconfined 
compressive strength (UCS) test, toxicity characteris-
tic leaching procedure (TCLP) test, and synthetic pre-
cipitation leaching procedure (SPLP) test. The effects 
of curing time and cement content on the moisture con-
tent, dry density, qu, concentration of leached Pb and 
Zn are discussed. An empirical equation is proposed 
for quantifying relationship between qu,t and leached 
concentration of Zn for the solidified soils. 

MATERIALS AND METHODOLOGY

Materials

Contaminated soils used in this study are sampled 
from the subsurface of a tailings pond of a nonfer-
rous metal mine in the Hunan Province. The soils 
were sampled from the typical site at a depth of 0 to 
0.5 m below the ground surface. The main physical 
and chemical parameters of the samples are shown in 
Table 1. The Atterberg limits were tested as per ASTM 
D4318 (ASTM 2010). Based on the Unified Soil Clas-
sification System, the soil is classified as low-plasticity 
clay (CL). The soil pH was tested as per ASTM D4972 
(ASTM 2001). Heavy metal concentration was mea-
sured using a “quadri-acid digestion method” (GB/T 
17141-1997). The results show that the sampled soil 
is primarily contaminated by Pb and Zn. Test results 
show that the concentrations of Pb and Zn in the soils 
are in the range of 4230–7550 mg/kg and 3200–5600 
mg/kg, respectively. For simplification, this study only 
considers the contamination of Pb and Zn in the soil. 

Cement used in the tests is #32.5 Portland cement 
produced in Nanjing, and its chemical constituents, de-
termined by X-ray florescence spectrometry analysis, 
are shown in Table 2. 

Sample Preparation

Prior to the sample preparation, all the soils sam-
pled from the typical sites were mixed evenly. The 

mixed soil was air-dried, smashed and sieved through 
a 1 mm sieve. Predetermined volume of distilled wa-
ter was added into soil until the water content reached 
approximately 22%; then the soils were mixed using 
an electronic mixer. Samples were made in cylindrical 
PVC pipe molds with an inner diameter of 50 mm and 
a height of 100 mm. Vaseline was uniformly applied 
to the inner wall of molds prior to the soil filling in 
the mold. Each soil sample had the same mass, and the 
filling was conducted in five stages. After each stage 
of filling, the sample was shaken manually for 2 min 
to remove entrapped air bubbles. When the final filling 
was completed, the top and bottom of the sample were 
covered with a PVC lid. The samples were then cured 
at a temperature at 20 ± 3° and relative humidity of 
95%. After curing for 1 to 3 d depending on the cement 
content, the samples were carefully extruded from the 
molds using hydraulic jack, weighed, wrapped by vi-
nyl films, and cured again under the standard condition 
until the designated time. The curing time selected in 
this study included 3, 7, 14 and 28 d. Two cement con-
tents were set, i.e., 4% and 8% (dry weight soil basis). 
Hereinafter through the entire text, figures and tables, 
a denotation of Ci-jd represents a sample with cement 
content of i % and a curing time of jd. Triplicates were 
prepared with a given cement content and curing time. 

Test Methods

For each sample prior to the unconfined compres-
sion test (UCT), its bulk density was measured. The 
UCT was performed as per Test Methods of Soils for 
Highway Engineering JTG E40-2007. The strain rate 
was controlled as 1%/min based on ASTM D2166 
(ASTM 2006). After the UCT, certain mass of soil was 
sampled from the broken samples and was tested for its 

Table 1.  Major Physical and Chemical Properties  
of the Soil.

Property Value

Natural water content, wn (%) 28.3
Specific gravity, Gs 2.75
Plastic limit, wP (%) 22.6
Liquid limit, wL (%) 43.5
Soil pH 7.93

Table 2.  Chemical Oxide of the Cement Tested.

Oxide CaO SiO2 Al2O3 SO3 Fe2O3 MgO MnO K2O TiO2 Na2O P2O5 SrO

Content (%) 44.7 27.4 13.1 3.96 3.34 1.19 0.07 1.14 0.52 0.34 0.13 0.07
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moisture content, defined as ratio of the mass of water 
to the mass of solid in the soil. With the known values 
of bulk density and moisture content, the dry density of 
the sample was estimated. 

The broken soil sample after the UCT test was sieved 
through a 0.5 mm sieve. About 10 g of soil was taken 
from sieved soil and subjected to the TCLP test (USE-
PA, 1983); another 10 g soil sample was subjected to the 
SPLP test (solid waste-Extraction Procedure for Leach-
ing Toxicity-Sulphoric Acid & Nitric Acid Method, 
SPLP) (GB 5085.3-2007). In the TCLP test, sodium ac-
etate was used as an extraction solution, which has pH 
value of 4.93 ± 0.05 and the solid-to-liquid ratio was 
1:20. In the SPLP test, concentrated sulfuric acid and 
nitric acid mixture was used as extraction solution (mass 
ratio of sulfuric acid to nitric acid was 2:1), which had 
pH value of 3.2 ± 0.05 and the solid-to-liquid ratio was 
1:20. After the TLCP or SPLP test, the leachate was col-
lected and left to stand for 1 h prior to the pH measure-
ment. The pH was tested using a HORIBA pH/COND 
METER D-54 pH tester. After the pH test, the leachate 
was filtered through a 0.45 μm membrane and its super-
natant (about 10 mL) was taken. The supernatant was 
acidized by concentrated nitric acid until its pH value 
reached less than 2, i.e., pH < 2, and then the concentra-
tions of leached Zn and Pb were measured using a flame 
atomic absorption spectrophotometer (Thermo Scien-
tific ICE 3000). Triplicates were made and the average 
values of concentration were recorded.

TEST RESULTS

Change of Moisture Content with Curing Time

Figure 1 presents the variation in the moisture con-

tent with curing time. It can be seen that the moisture 
content of both C4 and C8 samples tends to decrease 
as the curing time increases. At a given curing time, 
the moisture content of C8 sample is about 1.0–1.8% 
lower than that of C4 sample. For example, at 28 d of 
curing, the moisture content of C8 sample is about 1% 
lower than C4 sample; at 14 d of curing, the difference 
in the moisture content is about 1.8%. When curing 
time increases from 0 to 28 d, the moisture content of 
the C4 sample decreases by around 11.7%, and that of 
C8 does by around 10.4%.

Change of Dry Density with Curing Time

Figure 2 shows the variation in the dry density with 
the curing time. The dry density of both C4 and C8 
soil samples increases with curing time; the increment 
of the dry density is within 1.21–1.33 g/cm3. The dry 
density of the C8 sample is often approximately 2% 
higher than the C4 sample at a given curing time. From 
0 to 28 d, the dry density of the C8 sample increases 
by approximately 16%, and that of C4 sample does by 
about 13%.

Stress-Strain Correlation 

Figure 3 illustrates the stress-strain curves obtained 
from the UCT. It can be seen that the change in the 
stress-strain relation with respect to curing time and 
cement content is consistent with previous study [13]. 
The samples with longer curing time or higher cement 
content display greater stress resistance to broken, yet 
possess lower stress resistance after it reaches the peak, 
illustrating a strain softening behavior. The stress-
strain curves of C4 and C8 samples can be divided 

Figure 1.  Change of moisture content with curing time. Figure 2.  Change of dry density with curing time.
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into three stages: elastic deformation stage when the 
stress and the strain basically exhibit a linear relation; 
plastic yield stage when the soil experiences nonlinear 
deformation; and failure stage. As the curing time in-
creases, the peak stress (i.e., qu) value for both C4 and 
C8 samples increases as well. For example, the peak 
stress of C4 sample at 14 d of curing is significantly 
higher relative to 7 d of curing; the peak stress of C8 
sample at 28 d of curing is noticeably higher relative to 
14 d of curing. The peak stress value of the C8 sample 
is often higher than that of the C4 sample, regardless of 
the curing time. 

Change of UCS with Curing Time

Figure 4 illustrates the variation in qu with the cur-
ing time. The qu of cement solidified soil is much great-
er than that of untreated contaminated soil throughout 
the 28 d of curing (Figure 4). Moreover, the qu of the 
C8 sample is approximately 1.6 times that of the C4 
sample. The qu of C4 and C8 samples at 28 d of cur-
ing increases by 48% and 31.6%, respectively, as com-
pared to the 3 d of curing. The qu of both C4 and C8 
samples is remarkably greater than that of the untreated 
soil, illustrating a higher bonding strength of the soils 
admixed with cement additives. 

Correlation Between Strength and Secant Modulus

The secant modulus (E50) is defined as the ratio of 
compressive stress to its corresponding strain ε, and is 
expressed by:

E f50 1 2
1
2

=σ ε/

where σ1/2 is the stress when the strain is equal to half 
of the strain at failure (εf).

It has been shown that qu has a linear relation with 
E50 for the cement solidified soil, and the relation can 
be expressed by:

E qu50 = ⋅η

where η is a dimensionless constant. 
Figure 5 presents the relation between E50  and qu for 

the C4 and C8 samples at curing times of 3, 7, 14 and 

Figure 3.  Stress-strain curve of heavy metal contaminated soils.

Figure 4.  Change of qu with curing time.

(1)

(2)
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28 d. The η value obtained in this study ranges from 
100 to 165, which is very close to the result for cement-
solidified Zn-contaminated soil reported by [14]. 

Change of Leachate pH with Curing Time

Figure 6 shows the variation in the leachate pH with 
the curing time. It can be seen that the pH values in 
both TCLP and SPLP tests tend to decrease with in-
creasing curing time. In the TCLP test, the leachate pH 
of the C4 and C8 samples at 28 d of curing decreases 
by 1.19–1.23, as compared to the pH value at 0 d of 
curing. A drastic decrease in leachate pH is observed at 
3 d of curing in both C4 and C8 samples. The change in 
pH with respect to curing time is insignificant for both 

C4 and C8 samples after 3 d of curing. In the SPLP test, 
the leachate pH values for C4 and C8 samples at 28 d 
of curing are lower (0.34–0.38 unit) than their values at 
0 d. At 28 d curing, the TCLP leachate pH value for the 
C8 sample is significantly higher than the C4 sample 
by 2.3 units; however, this difference is only 0.36 unit 
in the case of SPLP test. Due to different extraction so-
lutions used in the TCLP and SPLP tests, the leachate 
pH of the former is often lower than that of the latter.

Change of Pb and Zn Concentrations in Leachate 
with Curing Time

Figure 7 shows the variation in the leached Pb and 
Zn concentration with the curing time, obtained from 
the TCLP tests. It can be seen from Figure 7 that both 
Pb and Zn concentrations decrease gradually with cur-
ing time. At 14 d of curing, Pb concentration reaches 
the lowest value (0.005 mg/L); whereas the Zn con-
centration decreases continuously with the curing time. 
Within the 28 d of curing, the Zn concentration of the 
C8 sample is often lower relative to the C4 sample; 
nevertheless, the difference in the leached Pb concen-
tration between the C4 and C8 samples is marginal. 
At 28 d of curing, the Pb and Zn concentrations of C8 
samples meet the environmental regulatory limits for 
class-II surface water (GB3838-2002), and Pb and Zn 
concentrations of C4 samples meet the the environ-
mental regulatory limits for class-III and class-II sur-
face water (GB3838-2002), respectively. 

Figure 8 shows the variation in the leached Pb and 
Zn concentration with the curing time, obtained from 
the SPLP tests. The Pb and Zn concentrations decrease 

Figure 5.  Correlation between secant modulus and UCS.

Figure 6.  Change of leachate pH with curing time. 
Figure 7.  TCLP test results showing the variation in the leached. 
Pb/Zn concentration with the curing time: (a) Pb and (b) Zn.
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with increasing curing time. The leached Zn concentra-
tion of the C8 samples is always lower than that of the 
C4 sample; the Pb concentration of the C8 samples is 
almost the same as that of the C4 sample from 3 d of 
curing. After 28 d of curing, the Pb and Zn concentra-
tions of C8 and C4 samples meet the the environmental 
regulatory limits of class-II surface water (GB3838-
2002).

A regress analysis is conducted for identifying the 
correlation between qu and leached Zn concentrations 
using the least-square-root method. The derived equa-
tion is expressed by:

q q
c c

Ru u d
t d

, . .
. , .3

3

21
1 24 5 9

0 86 0 94=
× ⋅

+ =

where qu,t denotes qu at a curing time of t d; qu,3d de-
notes the qu at 3 d of curing; ct denotes the leached 
Zn concentration at curing time of t d; c3 denotes the 
leached Zn concentration at 3 d of curing. More data 
is warranted to validate the general applicability of the 
proposed Equation 3. 

Change of Immobilization Percentage with  
Curing Time

In this study, the parameter immobilization percent-
age (IP) was introduced to evaluate the effectiveness 
of the cement-based solidification/stabilization, and it 
is defined by the following equation:

IP C C
C

=
−

×0 1

0
100%

where C0 refers to the concentration of Pb or Zn of 
untreated contaminated soil; C1 refers to the concentra-
tion of Pb or Zn of solidified soil at a given curing time. 

Figures 10 and 11 illustrate the variation in IP for Pb 
and Zn with the curing time in the case of TCLP and 
SPLP tests, respectively. It can be seen that IP of Pb or 
Zn increases with increasing curing time. The TCLP 
test results show that at 3 d of curing, the IPs of Pb and 
Zn of the C8 samples are 60% and 50%, respectively, 
which are only 1.8–2.7% higher than those of C4 sam-
ples. After 14 d of curing, the IPs of Pb and Zn of C8 
and C4 samples basically stabilize over 90%. The IPs 
of Pb and Zn of C8 samples are often higher than those 
of C4 samples. In addition, the IP of Pb is higher than 
that of Zn for the same cement content and curing time. 

Figure 8.  SPLP test results showing the variation in the leached.
Figure 9.  Relationship between qu and leached Zn concentration.  
Pb/Zn concentration with the curing time curve: (a) Pb and (b) Zn.

Figure 10.  Immobilization percentage relative to curing time (TCLP).
(4)

(3)
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The SPLP test results show that the IPs of Pb and Zn 
obtained by this method are generally higher than those 
by the TCLP method. At 3 d of curing, the IPs of Pb 
and Zn both exceed 92% and the IPs of Pb and Zn in-
crease to some extent with the increase in curing time. 
Evidently, the SPLP test results are more conservative 
as compared to the TCLP test results. 

DISCUSSIONS

The results demonstrate that the strength and leach-
ability of the contaminated soils are significantly af-
fected by the curing time and cement content. The ob-
servations are attributed to the cement hydration and 
pozzolanic reactions occurred in the cement solidified 
soils [15]. As the curing time increases, the two ongo-
ing reactions consume pore water in the soils, gener-
ating calcium silicate hydrate (CSH), ettringite (AFt) 
and other hydration products. As a result, pores in the 
solidified soil are filled by hydration products, caus-
ing a reduction in moisture content and an increase in 
dry density with respect to curing time. The hydration 
and pozzolanic reactions become more intense with the 
elevated cement content, making the moisture content 
(dry density) of the C8 sample lower (higher) than that 
of C4 sample. The CSH, AFt and other hydration prod-
ucts formed in the soils can enhance their strengths 
[15]. Generally, the quantity of these hydration prod-
ucts increases with increasing cement content. As a 
result, the unconfined compressive strength of the C8 
sample is higher than that of the C4 sample.

The immobilizations of Pb and Zn with cement or 
cement-based materials are attributed to the surface 
sorption of CSH, precipitations of Pb and Zn hydrox-

ides, and entry of these hydroxides into the CSH crys-
tal lattices by substitution [16]. The quantity of hydra-
tion products in the samples increases with increasing 
curing time; therefore, the immobilization degrees of 
Pb and Zn increase while the leached Pb or Zn con-
centration decreases with increasing curing time. The 
higher immobilization percentage of the C8 sample 
relative to C4 sample is attributed to the more intense 
hydration and pozzolanic reactions in the former case. 
Since the pozzolanic reaction of cement continuously 
consumes OH– through the entire curing time, the pH 
of the leachate decreases with the increase in the cur-
ing time. The increase in cement content can also lead 
to intensified alkalinity in the sample, which is why 
the leachate pH of the C8 sample is higher than that 
of the C4 sample. In addition, as sodium acetate solu-
tion used in the TCLP test has better buffering capacity 
than sulfuric acid-nitric acid mixed solution used in the 
SPLP test, the leached Pb or Zn concentration in the 
former test is higher than that in the latter.

CONCLUSIONS

This study addresses the issue of heavy metal con-
taminated soil treatment in the Hunan Province. Labo-
ratory tests were conducted to investigate the strength 
and leaching characteristics of cement solidified Pb- 
and Zn-contaminated soil. The following conclusions 
are drawn based on this study:

1.	 The water in the soil was consumed during hydra-
tion with increasing curing time, which was respon-
sible for the reduced moisture content and increased 
dry density. After 28 d of curing, the moisture con-
tent of the C8 sample was 1–1.8% lower than that of 
the C4 sample, and the dry density of the C8 sample 
was 3.4% higher than that of the C4 sample.

2.	 The unconfined compressive strength of the cement 
solidified soil was much higher than that of the un-
treated soil. The unconfined compressive strength 
of the C8 sample was often higher than that of the 
C4 sample.

3.	 A linear correlation between the unconfined com-
pressive strength (qu) and secant modulus (E50) was 
proposed and it was expressed by E50 = (100 – 165)qu,
which is consistent with previous studies. 

4.	 The leachate pH of both the TCLP test and the SPLP 
test decreased with increasing curing time; pH of 
the former was lower than that of the latter, irre-
spective of the curing time or cement content. The 
leachate pH obtained in the TCLP test and the SPLP 

Figure 11.  Immobilization percentage relative to curing time (SPLP).
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test dropped by 1.19–1.23 and 0.34–0.38 units, re-
spectively, when the curing time increased from 0 
to 28 d.

5.	 Leached Pb and Zn concentrations for both TCLP 
and SPLP tests decreased steadily with the curing 
time. In addition, the leached concentration of Zn 
for the C8 sample was often lower than that for the 
C4 sample, yet their Pb concentrations stayed close 
to each other.

6.	 The immobilization percentage of Pb and Zn in both 
TCLP and SPLP tests increased as curing time in-
creased. By the end of the 28 d of curing, the leached 
concentrations of Pb and Zn of the cement solidified 
soils meet the China environmental regulatory limits 
for class-III or class-II surface water.

7.	 A simplified empirical equation is proposed for pre-
dicting the strength of the cement treated contami-
nated soil.
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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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