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PREFACE 

It is our great pleasure to welcome you to 2017 2017 8th International Conference on 

Environmental Science and Technology (ICEST 2017) which will be held in Computer 

Science School (Escuela Técnica Superior de Ingenieros Informaticos, ETSIInf ) of 

Technical University Of Madrid (UPM), Madrid, Spain during June 12-14, 2017. ICEST 

2017 is dedicated to issues related to Environmental Science and Technology.  

 

The major goal and feature of the conference is to bring academic scientists, engineers, 

industry researchers together to exchange and share their experiences and research 

results, and discuss the practical challenges encountered and the solutions adopted. 

Professors from Spain, Australia, United Kingdom, USA are invited to deliver keynote 

speeches and plenary speeches regarding latest information in their respective 

expertise areas. It will be a golden opportunity for the students, researchers and 

engineers to interact with the experts and specialists to get their advice or consultation 

on technical matters, sales and marketing strategies. 

 

This proceedings present a selection from papers submitted to the conference from 

universities, research institutes and industries. All of the papers were subjected to 

peer-review by conference committee members and international reviewers. The 

papers selected depended on their quality and their relevancy to the conference. The 

volume tends to present to the readers the recent advances in the field of Environment 

and Industrial Innovation and various related areas, such as Advanced Ceramic-porous 

ceramic, Aerodynamics, Application of Spatial technology, Catalysis and Environment, 

Enivronmental Biotechnology, Environment management, Environmental Chemistry, 

Environmental engineering, Environmental Planning of Mines, Environmental Pollution 

Control, Fermentation Technology, Industrial Environment, etc.. 

 

We would like to thank all the authors who have contributed to this volume and also to 

the organizing committee, reviewers, speakers, chairpersons, sponsors and all the 

conference participants for their support to ICEST 2017. 

 

 

Prof. Roberto San Jose 

Technical University of Madrid (UPM), Madrid, Spain 

July 4, 2017 
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Acoustic Agglomeration Process of Fine Particles in a 

Resonance Structure 

Chen-hao SHI
 1
, Jian ZHANG

 2
, Yun ZHAO

 3
, Jie LIANG

 1
  

 

1 College of Environmental Science and Engineering, Hunan University, Changsha, 

410082, China 

2 School of Information Science and Engineering, Central South University, Changsha, 

410083, China 

3 School of Optoelectronic Science and Engineering, National Defense Science and 

Technology University，Changsha, 410073, China 

 

Abstract: It was proved that the acoustic agglomeration technology has a good application 

prospect in the removal of fine particles. In this paper, a removal system of acoustic 

agglomeration is constructed by the acoustic resonance structure. With the finite element 

simulation model, the effect and condition of sound pressure level (SPL) increment of high 

intensity sound in the resonance structure are defined. In the experiment, the contrast of the 

sampling weight and particle size distribution changes of fine particles was compared under 

different operating conditions to examine the effect of acoustic agglomeration on the removal 

efficiency of fine particles. The results show the SPL increment of 10dB is obtained with SPL 

145-165 dB when the working frequency is changed from 400 to 2000 Hz. Under the action of 

acoustic agglomeration, fine particles in the aerosol were significantly reduced, and the 

removal effect is markedly improved with the increase of SPL. 

1. Introduction 

In recent years, the fine particles, mainly PM2.5, have become the main pollutant of urban 

atmospheric in China 0. In the current air pollution control, it is urgently necessary to develop 

industrial scale fine particles emission reduction technology for the combustion energy system. The 

removal method based on the acoustic agglomeration principle has a good application prospect, due to 

its short working time, significant effect, easy to use, and high temperature, high pressure and 

corrosive prevention. However, the complex mechanism of acoustic agglomeration, lack of 

high-power and high intensity sound source and high energy consumption are the three major 

bottlenecks in the practical application of the acoustic agglomeration technology 0. 
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There have been many theoretical and experimental works on acoustic agglomeration0, but most of 

their experimental platform is bulit on imitative conventional dust removal devices combined with an 

acoustic agglomeration system. Furthermore, the results are not totally consistent because of the 

complex mechanisms and different experimental conditions. Zhou etc. 0used sound wave to work on 

conventional dust removal devices and found that the optimized sound frequency and SPL were 1.4 

kHz and 142dB. Gallego0compared the effect of 10 kHz and 20 kHz sound wave on flue gas 

generated by a coal-fired fluidized bed and proved that 20 kHz sound source was better than 10 kHz 

for agglomeration.Wang Jie0compared high-frequency (1 kHz and 20 kHz) acoustic wave with 

low-frequency (0.5~3 kHz) acoustic wave and found that low-frequency acoustic wave did better than 

the high one working on coal fired flue gas. Although there was no common view on the optimized 

conditions because of the varied investigated operating conditions, overall the works proved the effect 

of sound wave.  

However, few works have been done to indicate the positive effect of sound wave with the 

professional dust removal equipment based on strong sound system, which is exactly closely related to 

the actual industrial application.Conventional acoustic agglomeration tests are usually carried out in 

plane traveling wave or standing wave condition. The existing experimental results show that the 

acoustic agglomeration efficiency of the polydisperse aerosols for the industrial flue gas normally has 

the optimal agglomeration frequency, and the agglomeration efficiency is significantly enhanced with 

the increase of SPL. Therefore, replacing the constant section traveling wave/standing wave tube by 

the acoustic resonance cavity0, and as the acoustic resonance frequency is equal to the optimal 

frequency, the removal of fine particles under the condition of acoustic structure resonance can reduce 

the sound power consumption at the premise of keeping high reduction efficiency. 

2. Experimental Platform  

Figure 1 shows the test system of acoustic agglomeration of fine particles based on acoustic resonance 

structure. The system consists of a standing-wave tube, which is composed of thin tube and square 

tube in series, where the cross-section dimension of square thick tube is 0.3 m with its length 0.5 m, 

and the cross-section length of thin one (condensed tank) is 0.1 m with its initial length 1.5 m. The thin 

tube is connected with the piston (changing the variable position) to adjust the length of the tube, and 

then change the resonance frequency of the standing wave tub. The standing wave tube is driven by 

four electro-acoustic unit, which is connected with the thick tube. Electro-acoustic unit is composed of 

150 W, 400-5000 Hz compression driver and conical horn. Inlet and outlet diameters of the horn are 

0.05 m and 0.1 m respectively, and its length is 0.2 m (Dip angle is approximately 7 deg.). The 

frequency and intensity of sound wave are regulated by a signal generator and power amplifier. The 

amplitude of driving current of a single sound source is 3 A at full capacity. 

Compared with commonly used constant section standing wave tube, the two-stage standing-wave 

tube with abrupt varying section can be used to improve the effect of acoustic agglomeration in the 

thin tube from two aspects: (1) one end of the thick tube is allowed to connect more compression 

drivers to provide higher input power. (2) The standing-wave tube with abrupt varying section is a 

kind of dissonant standing-wave tube, i.e., the high order resonance frequency is unequal to an integer 

multiple of the first order resonance frequency. Therefore, under the condition of the structural 

resonance and the high intensity acoustic field, the nonlinear distortion of the acoustic wave is lower, 

and sound saturation and shock wave will not occur generally. 
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Figure 1. .Acoustic agglomeration system. 

 

According to the waveguide theory, the cut-off frequency of acoustic agglomeration chamber with 

length of 0.1m is 1715 Hz, which can cover the effective frequency band (400-1500Hz) for acoustic 

agglomeration of fine particles. According to the law of quarter wavelength, the adjustable piston 

stroke is 0.5 m, which is more than half wavelength and in the adjustment range of the resonance 

frequency in the working frequency band. 

The input gas to the agglomeration chamber is generated by the SAG-410 Topas aerosol generator, 

and the range of mass concentration is 0.012-13 g/m
3
. When the gas is mixed with the compressed air, 

the range of gas volume flow is 7.2-18 m
3
/h, and the range of corresponding action time by high 

intensity acoustic wave is 3-7 s. Three B&K 4941 high intensity acoustic microphones, 0#, 1# and 2#, 

are installed uniformly along the thin tube, which locate at point of the 0.5 m long tube, respectively. 

0# is near the end of the adjustable piston, and the 2# is near the end of the sound source. The acoustic 

microphones are connected with the B&K 3050 data acquisition system to obtain the acoustic signals 

of measuring point. A particle size spectrometer is installed at the gas outlet of agglomeration chamber, 

which is used to measure the particle size distribution characteristic of the particles with and without 

the sound waves, and to complete the sampling of fine particles. The flue gas outlet is connected with 

a fine particulate sampling instrument, and the particle size of the sample is collected ranging from 2.5 

to 10 μm by sampling membrane filter. 

3. Strong Sound Field Characteristics  

3.1. The Time Domain Signal and Frequency Response 

Using the frequency domain acoustic module of Comsol Multiphysics, the acoustic field distribution 

in the experimental system is calculated. The results show that three high order resonance frequency of 

the system is 1570 Hz, 1510 Hz and 1420 Hz respectively. The SPL of agglomeration chamber is 

lowest when the frequency is 1550 Hz. When the structure resonance occurs, the SPL in the thin tube 

is above 10 db comparing with that in the thick tube. The internal acoustic field distribution at the 

frequency of 1420 Hz is shown in Figure 2.(a), it can be seen that there is a plane standing wave 
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acoustic field in the agglomeration chamber, and the acoustic field distribution is very inhomogeneous 

in the thick tube, and sound intensity of thin tube (see Figure 2. (a)) is obviously higher than that of 

thick tube (see Figure 2. (b). A similar standing wave acoustic field is observed at the other two 

resonance frequencies. 

 

（a）1420Hz                      （b）1550Hz 

Figure 2. Acoustic field distribution under the resonance condition. 

 

 

（a）0#                          （b）1# 

Figure 3. The RMS SPL of every measuring points at different frequency and sound intensity. 

 

Figure 3 shows the RMS sound pressure level of 0# and 1# monitoring point close to the adjustable 

piston at different frequency and intensity of the sound source. It can be seen that under the effect of 

standing wave field, the SPL fluctuations within the working frequency band of compression driver 

increased significantly. The SPL is highest when the frequency is 700 Hz, and is increased by more 

than 10 dB compared with the results of single source driver, which indicates that phase congruency of 

different sound source is better. When the drive current of compression driver is changed from 20% to 

80%, the frequency response curve shape and the increase amplitude of SPL basically exhibits no 

change. When the agglomeration effect is efficiently in the range of 400 - 1500 Hz, the loudest level is 

as high as 150-165 dB. Compared with the results of Figure 2, the peak value of sound pressure 

frequency response at fixed monitoring point could not reach the maximum sound pressure level of the 
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agglomeration cabin. At the same time, because the structural resonance frequency is not chosen as the 

measurement frequency, the measurement results of Figure 3 are lower than the actual intensity of the 

acoustic agglomeration process. 

3.2. Resonance Frequency and Harmonic 

Resonance frequency of the standing-wave tube with abrupt varying section is determined by the 

length and sectional area of thick tube and thin one, adjusting individually the length of agglomeration 

chamber can make the resonance frequency be consistent with the sensitive frequency of acoustic 

agglomeration. When the position of adjustable piston is changed, the resonance frequency of standing 

wave tube will change, and the relative position of the measuring point in the sound field also changes. 

    

(a) 600Hz                                (b) 1400Hz 

Figure 4. The RMS SPL of every measuring point when the adjustable piston position is changed and 

the driving current is 40%. 
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(a) 600Hz                               (b) 1400Hz 

Figure 5. The RMS SPL of measuring point 2 when the adjustable piston position is changed and the 

driving current is 40%. 

 

Figure 4 shows the change of SPL of measuring point when the piston position is changed and the 

amplitude of driving current at full capacity is 1.2 A. When the frequency is 600 Hz, SPL of the 

measuring point in the curve reaches a maximum value, which is higher than the SPL measured at the 

initial position of piston. The data of measuring point 0# and 2# are basically the same, and the time 

moment of the maximum SPL of 0# and 2# is different with that of 1#. When the frequency is 1400 

Hz, because the piston stroke is greater than the acoustic wavelength, the SPL periodically changes 

over time. The time moment of the maximum SPL at different points is different. Similarly, the 

maximum SPL is higher than that of the initial position of the piston.  

Figure 5 shows the change of spectrum over time at 1#when piston position is changed and the 

amplitude of driving current at full capacity is 1.2 A. It can be seen that the main energy appears at the 

fundamental frequency, at the same time, there is an obvious high order harmonic, where harmonic 

component becomes more significant when the SPL is higher. 

The maximum SPL of each test point driven by single sound source (fixed piston) or 4 sound sources 

(fixed and adjustable piston) are shown in Figure 6 It can be seen that the SPL driven by 4 sound 

sources is 10 dB more than that by the single source, and the phase congruency of different sound 

sources is better. Moving the piston to a proper position, the effect of resonance will occur from 4 

acoustic sources, which improve the loudest SPL level. The intensity of the acoustic signal recorded 

under the fixed piston and fixed measured point condition is actually less than the intensity of the 

acoustic wave in the process of the acoustic agglomeration. 

 

（a）0# 

 

（b）1# 

Figure 6. The RMS SPL at fixed and mobile piston measuring point when the driving 

current is 40%. 

 

4. Fine Particle Coagulation Results 

The effect of acoustic agglomeration varies with the frequency and intensity of sound waves. Figure 7 

shows the change of mass of PM2.5 in the flue gas under different frequency sound waves. The PM2.5 

concentration in the initial distribution of flue gas is 49.64 mg/m
3
, and the agglomeration effect of fine 
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particles in the high intensity acoustic field is obvious. When the frequency is lower, the content of 

fine particles in the flue gas is higher, while that in the range of 1000 - 1300 Hz is the smallest. 

However, when the frequency is further increased, the content is increased. That is, for flue gas 

generated by coal-fired fly ash, the optimal frequency for sound agglomeration is in the range of 1000 

- 1300 Hz. 

 

Figure 7. Variation of PM2.5 mass concentration in flue gas under different frequency sound waves. 
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Hz and 1400 Hz sound waves. 

Figure9.Variation of particle size distribution 

(quantity) of particles in flue gas by 600 Hz, 1100 

Hz and 1400 Hz sound waves. 

 

Figure 8 and Figure 9 give the variation of the mass and the number of different size particles in the 

flue gas under the action of 600 Hz, 1100 Hz and 1400 Hz, respectively. It can be seen that there are a 

large number of fine particles in the initial distribution of flue gas, and the particle number distribution 

showed a typical bimodal structure. There are more numbers of particles with about 6 μm in size, and 

the most numbers of particles with about 0.5 μm and 2 μm in size. In the results of the initial gas 

particle mass distribution, the weight of the particles about 10 μm and 2 μm in size are larger, and the 

particle weight of 6 μm in size is the largest. At the optimal frequency of 1100 Hz sound waves, the 

mass of particles below 5 μm in size decreased significantly, and the mass of particles above 10 μm in 
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size has a certain increase, which proves the effect of particles agglomeration is active. In the results 

of number distribution, the number of particles in the range of 0.5 to 2 μm in size decreases sharply, 

however, the number of particle 0.3 μm in size has a certain increase. In addition, under the actions of 

the sound waves at the frequency of 600 Hz and 1400 Hz, which are far away from the optimal 

frequency, the agglomeration effect of particles is significantly decreased. 

5. Conclusion 

In order to provide high efficiency and low energy consumption of removal system of fine particles 

based on the acoustic agglomeration technology, the acoustic resonance structure is designed based on 

the standing-wave tube with abrupt varying section, which replaces the conventional experimental 

system. The experimental tests and numerical computations are carried out to study the acoustic 

properties and the agglomeration process of fine particles. The following results were obtained: 

 In the range of the sensitive frequency (1000 Hz - 2000 Hz) of acoustic agglomeration of the 

fine particles, there are multiple resonance frequencies in the standing-wave tube with abrupt 

varying section, and the SPL increment of 10 dB is obtained when structure resonance occurs. 

In the range of frequency from 500 Hz to 2000 Hz, the SPL in the agglomeration chamber can 

reach 145 to 165dB. 

 The particle size distribution in the flue gas generated by the fly ash from the power plant is a 

typical bimodal structure. Under the action of high intensity sound waves within the measured 

frequency band, the mass of the particles below 5 μm in size is decreased significantly, and 

the mass of the particles above 10 μm in size has a certain increase. Especially at the sensitive 

frequency of 1100 - 1300 Hz, the mass aggregation of PM2.5 is decreased by more than 90%. 

 The acoustic energy in the agglomeration chamber appears at the fundamental frequency, and 

the harmonic components are reduced by the resonance of the acoustic wave in the standing 

wave tube. Shock wave caused by the nonlinear effect is not found in the experimental results. 

In the future, we shall connect our acoustic agglomeration system with the bag filters in the power 

plant to test the overall effect of removal of PM2.5 particles. 
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Abstract. In this study, we focus on the effect of black carbon aerosol and sulfate aerosol on 

meteorology factors during heavy pollution period and non-heavy pollution period. The 

version of WRF/chem V3.4 was used in this work, Four Simulation scenarios are applied to 

simulate the effect of the effect of black carbon aerosol and sulfate aerosol on solar radiation, 

temperature, PBL high. The analysis results show that the effect of black carbon and sulfate 

aerosol cause decline on three meteorological factors in both heavy pollution and non-heavy 

pollution period in both January and July. The influence of two aerosols on meteorological 

factors are less significant than winter. During heavy pollution, black carbon aerosol cause the 

loss of solar radiation is 29.1W/m2; the warming effect of black carbon aerosol caused 

temperature to rise 0.05℃; PBL height decreased by an average of 73.1m. Sulfate aerosols 

cause the loss of solar radiation is 21.5W/m2; Temperature fell an average of 0.89℃; PBL 

height decreased by 66.6m .The change of three meteorological factors due to aerosol feedback 

in non-heavy pollution period in much smaller than heavy pollution period. 

1. Introduction    

China has become one of the most uncertainty areas in aerosol radiative forcing and climate change 

due to the severe air pollution. The effect of aerosol radiative force is different among different aerosol 

species. Sulfate aerosol refers to the form of solid particles suspended in the air of sulfuric acid or 

sulfuric acid, with cooling effect. Black carbon (BC) aerosol is the main component of soot, by solid 

fuels (coal, wood, dung and crop residues), biomass combustion and combustion of fossil fuels into 

the atmosphere, both cooling and heating effect. Global anthropogenic contributions to the 

concentration of aerosols (primarily sulfate, organic carbon, black carbon, nitrate and dust) together 

produce a cooling effect with a total (including atmosphere and surface) direct radiative forcing of -0.5 

W/m2 and an indirect cloud albedo forcing of -0.7 W/m2[1,2,3,4]. Simulation of the aerosol-radiation 

interaction and aerosol-cloud interaction of aerosol feedbacks require on-line coupled models [5].   

The aerosol-radiation interaction and aerosol-cloud interaction of aerosols on the regional 

meteorological factor in the short-term are important in the dispersion of pollutants and in secondary 

organic reactions. A five day period study with Weather Research and Forecasting model with 

Chemistry (WRF/Chem) with the Model of Aerosol Dynamics, Reaction, Ionization, and Dissolution 

(MADRID) (referred to as WRF/chem-MADRID) of 2000 Texas Air Quality (TexAQS2000) found 

that the incoming solar radiation and near-surface temperature decreased due to aerosol-radiation 

interaction and aerosol-cloud interaction  feedbacks, and aerosols led to excessive numbers of cloud 

condensation nuclei with too low saturation and reduced precipitation via these CCN [6,7].   
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Among the previously described studies, field experiments have deficiencies in investigating the 

aerosol radiation interaction and aerosol-cloud interaction of aerosols on regional meteorological 

factors and air quality over a large region and a long-term (years and decades) period. Although using 

general circulation models and climate models can focus on the regional and long-term period aerosol 

feedbacks, but it cannot fully reflect the short-term (hours and days) characteristic of aerosol 

feedbacks. On-line air quality models are designed for aerosol simulation, which include the accurate 

simulation of the aerosol concentration and the regional- to global-scale of the feedback between air 

pollutants and meteorological factors[5]. In this study, we focus on the effect of black carbon aerosol 

and sulfate aerosol on meteorology factors during heavy pollution period (While PM2.5 concentration 

higher than 250μg/m
3
 or AQI higher than 150) and non-heavy pollution period (While PM2.5 

concentration lower than 250μg/m
3
 or AQI lower than 150). Six typical cities (Beijing, Tianjin, 

Shijiazhuang, Shanghai, Nanjing and Guangzhou) are selected to analysis the effect in winter and 

summer in 2010.  

2. Methodology  

Four Simulation scenarios are applied in this study, as shown in table 1. The BASE scenario represent 

the real atmosphere, both aerosol-radiation interaction and aerosol-cloud interaction processes are 

included. The Effect_Non scenario does not calculate any aerosol feedback process. The BC_Non 

scenario does not include the effect of BC. The SO4
2-

_Non scenario does not include the effect of 

sulfate aerosol. The effect of BC and sulfate aerosol are calculated based on the follow method.  

Aerosol Effect = BASE - Effect_Non  

BC Effect = (BASE - Effect_Non) - ( BC_Non - Effect_Non)  

Sulfate Effect = (BASE - Effect_Non) - (SO4
2-

_Non - Effect_Non)  

 

Table 1. Simulation scenarios set up 

Scenarios   Description   

BASE  Real atmosphere scenario, all aerosol feedbacks are included  

Effect_Non  No aerosol feedback   

BC_Non  No black carbon aerosol`s effect  

SO4
2-

_Non  No sulfate aerosol`s effect  

3. Domain Setting and Model Configuration  

The version of WRF/chem V3.4 was aplied in this work. The study area is divided into 92 × 78 

horizontal grid cells with a 54-km grid spacing. The entire China continent, part of East China Sea and 

part of Southeast Asia are included. 27 logarithmic structure layers divide the modelling vertical zone, 

which range from the surface to a fixed pressure of 100mb. The National Centers for Environmental 

Prediction (NECP) Final Analysis Reanalysis data are used to generate the meteorology initial 

conditions and boundary conditions. The INTEX-B emission inventory for Asia in 2006 was used as 

the anthropogenic emission input[8]. Natural emissions are calculated online based on the U.S. 

Geological Survey (USGS) land use data. The meteorological observed data come from the 

Meteorological Information Comprehensive Analysis and Process System (MICAPS).  

13



1234567890

(ICEST 2017) IOP Publishing

IOP Conf. Series: Earth and Environmental Science 78 (2017) 012002    doi   :10.1088/1755-1315/78/1/012002

 
Figure 1. Simulation domain 

 

The summarised performance statistics of the meteorology factors and the PM10 concentration 

levels are listed in table 2. figure1 compares the simulated and observed hourly T2 at Beijing, 

Shanghai, Wuhan and Guangzhou, which are located in China in the north, south, central and 

east, respectively, WRF/chem well captured the variations of T2 at all sites in the four months 

with correlation coefficients (RC) between 0.78~0.93. Warm bias occurs in some periods, which 

represent -0.50℃ to 2.16℃ MB and -1.71% to 44.08% NMB of four sites in the four seasons, 

especially in April. The warm bias is caused by the limitations in the PBL scheme, radiation 

schemes[9] and the land-surface model[10].The moderate to large over-prediction occurred in 

the hourly WSP10 in all the sites, with a domain wide average bias are 0.77, 1.35, 0.41, 0.69 m/s 

in January, April, July and October, respectively. The bias is caused by two points. First, analysis 

nudging (FDDA) was not applied to the meteorological factors to prevent the aerosol-radiation 

interaction and aerosol-cloud interaction of aerosols on meteorological factors are the 

suppressed [11]. Second, with a horizontal resolution of 54 km, the model has difficulties in 

capturing the wind properly. The hourly precipitation is well captured by WRF/chem, but 

incorrect reports (which represent cases when rain did not occur, but the model reported it and 

vice versa) of precipitations are found in the north China sites, and under-predictions are found 

in the south China sites.  

𝑁𝑀𝐵 =
∑ (𝑐𝑚−𝑐0)
𝑁
1

∑ 𝐶0
𝑁
1

× 100%                          (1) 

𝑁𝑀𝐵 =
∑ |𝑐𝑚−𝑐0|
𝑁
1

∑ 𝐶0
𝑁
1

× 100%                          (2) 

 

Table 2. Simulation error analysis of PM10 

January 

City NMB(%) NME(%) 

July 

City NMB(%) NME(%) 

Beijing -68.07 74.44 Beijing 23.28 50.71 

Shijiazhuang -51.99 52.79 Shijiazhuang 3.62 28.91 

Tianjin -50.52 50.52 Tianjin 14.89 32.91 

Shanghai -0.22 35.41 Shanghai -39.35 42.07 

Zhengzhou -23.21 30.54 Zhengzhou 26.88 45.19 

Wuhan -21.68 31.02 Wuhan -39.77 51.86 

Guangzhou -41.95 52.44 Guangzhou -56.24 57.8 

Average -36.8 46.7 Average -9.5 44.2 
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4. Results and Discussion  

The result of the effect of BC and sulfate aerosol on meteorological factors is show in figure 2 

and figure 3.  

4.1. Solar Radiation  

Solar radiation is decreased in six cities due to the effect of aerosol feedback in both winter and 

summer in 2010 in six cities, as shown in the first row in figure 2 and figure 3. The absorption of BC 

is stronger than sulfate`s scattering on solar radiation in both winter and summer. In January 2010, 

black carbon aerosol decline solar radiation and the average drop of 21.9W/m
2
, heavy pollution period 

average drop is 29.1W/m
2
, non-heavy pollution period drop is 14.6W/m

2
. Sulfate aerosols cause the 

loss of solar radiation and the average drop is 14.8W/m
2
, heavy pollution period is 21.5W/m

2
, non-

heavy pollution period drop is 10.6W/m
2
. In July 2010, solar radiation decrease 12.1W/m

2 
due to the 

effect of aerosol. The declining contents are similar during heavy pollution period and non-heavy 

pollution period. Black carbon aerosol and sulfate aerosols on solar radiation effects are relatively 

mild, average respectively  

0.15 W/m2 and 0.9 W/m2  

4.2. Temperature  

Temperature is declined due to the effect of aerosol in six cities. In January 2010, the temperature fell 

an average of 0.89℃ in heavy pollution period and fell an average of 0.2℃ in non-heavy pollution 

period, as shown in the second row in figure 2 and Figure. The warming effect of black carbon aerosol 

caused temperature to rise 0.05℃. During the heavy pollution period, the temperature increased by 

0.6℃, and during non-heavy pollution period temperature increased by 0.34℃, as shown in the right 

most column in figure 2. The cooling effect of sulfate aerosol resulted in an average reduction of 0.17 ℃ 

in six cities, and the temperature during the heavy pollution period was reduced by an average of about 

0.43℃ and 0.08℃ during the period of non-heavy pollution. In July 2010, black carbon aerosol makes 

the temperature in the six cities increase slightly. Compared with January 2010, the effect of aerosol 

feedbacks on the temperature in the six cities are relatively light, and the effect of black carbon aerosol 

and sulfate aerosol on temperature are not significant.  

4.3. Plant Boundary Layer (PBL) High  

In January 2010, the effect of aerosol feedback make the average PBL high in the six cities decreased 

by 25.9m, and the PBL high decreased by 54.6m in the heavy pollution period; 17.2m in non-heavy 

pollution period, as shown in the third row in figure 2 and figure 3. Black carbon aerosol made six 

areas of PBL height decreased by an average of 36.4m, decreased 73.1m during the heavy pollution 

period and decreased 0.27m during the non-heavy pollution period. Sulfate aerosol made the average 

height of PBL in six cities decreased by 32.2m, decreased by 66.6m during the heavy pollution period, 

and increased by 2.3m during the non-heavy pollution period. In July 2010, the aerosol feedbacks 

makes the height of PBL in the six regions decreased by an average of 20.6m. In both heavy pollution 

period and non-heavy pollution period, and the variation of PBL height is not significant. Black 

carbon aerosol made PBL average height increased by 1.4m, sulfate aerosol had little effect on the 

PBL high. Compared with January 2010, the effect of aerosol on the PBL high in six cities are 

relatively light, the influence of black carbon aerosol and sulfate aerosol on PBL height are not 

significant too.  
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Figure 2. The effect of all aerosol, black carbon and sulfate on solar radiation, temperature and PBL 

high in January 2010 

 

 

Figure 3.  The effect of all aerosol, black carbon and sulfate on solar radiation, temperature and PBL 

high in July 2010 

 

5. Conclusions  

In this paper, the effects of black carbon aerosol and sulfate aerosol on solar radiation, temperature and 

PBL height in six cities over China in winter and summer are analyzed. According to the classification 
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standard of air pollution index (AQI), When the PM2.5 concentration is higher than 250 g/m
3
, it is 

regarded as the heavy pollution period, lower than 250 g/m
3
 is considered as non-heavy pollution 

period. The analysis results show that the absorption effect of black carbon aerosol is stronger than the 

scattering effect of sulfate on solar radiation. The warming effect of black carbon aerosol is significant 

in both heavy pollution and non-heavy pollution period. Both black carbon and sulfate aerosol are 

caused PBL height decreased. In this study, we only discuss the effect of black carbon and sulfate 

aerosol on solar radiation, temperature and PBL high. For further studies, the effect of the change in 

regional meteorological factors on the formation of secondary aerosols due to aerosol feedbacks. 
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Abstract. This paper aims to explore the impact of meteorological factors on PM2.5 

concentrations in Hong Kong. The PM2.5 and meteorology data including temperature, 

pressure, rainfall, relative humidity (RH), wind speed and wind direction from January to 

December of 2013 were collected. The correlation analysis between PM2.5 and meteorological 

factors were conducted for each month and season. The meteorology data were classified into 

several intervals and the mean PM2.5 concentrations for each interval were calculated to see 

the tendency. According to the correlation analysis results, the PM2.5 concentrations have a 

positive relationship with pressure with correlation coefficients 0.507 while have negative 

relationships with temperature, RH, rainfall, wind speed with correlation coefficients -0.512, -

0.237, -0.524, -0.284, respectively. In addition, the wind direction influence PM2.5 

concentrations through affecting the spreading direction of PM2.5. The north wind in winter 

increased the PM2.5 in Hong Kong while the south wind in summer decrease the PM2.5. 

Therefore, the meteorological factors affect the aggregation, diffusion, spread of PM2.5. They 

have a leading impact on PM2.5 concentrations when the domestic emission stays stable. 

1. Introduction 

The rapid development of urban construction and accelerated urbanization have caused serious 

pressure on atmosphere environment. As one result of the process, air pollution has increased concerns 

about people’s health, especially for the fine particular matter (PM2.5). PM2.5 is the particular matter 

with an aerodynamic diameter less than 2.5 μm, which not only attenuates atmospheric visibility, but 

also has an adverse impact on human health [1]. Some epidemiology studies reveal that a certain 

relationship exists between particular matter of pollution and the mortality rate, cardiovascular and 

respiratory diseases [2], [3].  

The PM2.5 concentrations were mainly influenced by local pollution emission, external pollution 

propagation and meteorological conditions including pressure, temperature, humidity, cloud coverage, 

precipitation and wind, etc. The meteorological factors cause spatio-temporal variation of particulate 

matter concentrations through influencing the conglomeration and diffusion of pollutants. Tai [4] 

indicate that the daily variation of meteorological parameters can cause up to 50% of the change of 

PM2.5 concentrations. Wang and Ogawa [5] investigated the correlation between PM2.5 and 

meteorological conditions in Nagasaki, Japan. The results shown that temperature had a negative, and 

precipitation had a positive, correlation with PM2.5. Elminir [6] found that temperature, humidity, 

wind speed and wind direction contribute to the air pollutants concentration. Wind direction was found 

to have influence on both pollutant concentrations and the correlation between pollutants.  

Hong Kong is located in southern China with sea on three sides and is one of the most densely 

populated areas. In the last decades, the economic cooperation between Hong Kong and Pearl River 
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Delta (PRD) area is growing rapidly. In addition, the increasing of population mobility and 

transportation brings enormous pressure to the local atmospheric condition. 

Since the correlation between PM 2.5 concentration and meteorological factors varies with study area 

due to different regional climate conditions, the correlation model for other regions may not represent 

their relationship in Hong Kong. Moreover, due to the lack of heavy industry, the main sources of 

PM2.5 pollution in Hong Kong are vehicle exhaust, construction dust and other domestic sources [7]. 

Comparing with other areas suffering heavy pollution, such as Beijing, the impact of meteorological 

conditions on PM 2.5 variation in Hong Kong is more apparent. Therefore, it is essential to investigate 

this relationship in Hong Kong area. 

This study utilized PM 2.5 concentration and meteorological data (including temperature, pressure, 

precipitation, humidity, wind speed and wind direction) during 2013 in Hong Kong, aiming to 

examine the impact of meteorological conditions on local PM2.5 variations. In this paper, the 

relationship between PM 2.5 pollution and local weather condition will be revealed, which will 

provide theoretical support for predicting PM 2.5 change based on meteorological parameters.  

2. Data Collection  
The daily averaged meteorological data including pressure (hPa), temperature (℃), relative humidity (%), 

rainfall (mm), wind speed (km/h), wind direction (°) from 1 Jan 2013 to 30 Dec 2013 at four automatic 

weather stations were collected from Hong Kong Observatory (HKO) (http://www.hko.gov.hk). 

Correspondingly, the hourly averaged PM2.5 concentrations data at four air quality monitoring stations 

which are most close with automatic weather stations in space were downloaded from Environmental 

Protection Department (EPD) website (http://www.epd.gov.hk/epd/). In order to be consistent with 

meteorological data in time unit, the daily averaged value of PM2.5 concentrations were calculated. Table 1 

shows the locations of air quality stations and automatic weather stations. 

 

Table 1. The location of PM2.5 monitoring stations and automatic weather stations 

Air quality monitoring 

stations 
Coordinate 

Automatic Weather 

Stations 
Coordinate 

Sham Shuipo 
114° 9’ 33’’ 

22° 19’ 49’’ 
King's Park 

114°10’22’’ 

22°18’43’’ 

Shatin 
114° 11’ 4’’ 

22° 22’ 35’ 
Shatin 

114°12’36’’ 

22°24’09’’ 

Tung Chung 
113° 56’ 37’’ 

22° 17’ 20’’ 
Sha Lo Wan 

113°54’25’’ 

22°17’28’’ 

Yun Long 
114° 1’ 22’’ 

22° 26’ 43’’ 
Wetland Park 

114°00’32’’ 

22°28’00’’ 

3. Result and Discussion 

3.1. The Tendency of PM2.5 Concentration and Meteorological Factors 

To explore the tendency of PM2.5 concentration and meteorological factors and their relationship, the 

monthly values of PM2.5 and meteorological factors are averaged from daily data. It’s hard to compare all 

factors together due to their different units. For example, temperature’s unit is ℃ and ranges from 10-30 ℃ 

while pressure’s unit is hPa with values around 1000 hPa. Therefore, all kinds of data were processed by 

normalization and their values changes to 0-1 without units.  
The monthly tendency of PM2.5 concentrations and normalized meteorological factors is shown in 

Figure1. According to Figure 1, the monthly average PM2.5 concentrations are lowest in summer (June, 

July, August), which are followed by spring (March, April, May) and autumn (September, October, 

November), and are highest in winter (January, February, December). Among all meteorological 

factors, only pressure has the similar monthly tendency with PM2.5 concentrations while temperature, 

rainfall, RH, wind speed and wind direction have opposite tendency with PM2.5.  
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In order to have a better knowledge of the correlation between PM2.5 and meteorological factors, the 

correlation coefficients of PM2.5-meteorology and each two meteorological factors were calculated 

from the daily average data in 2013. As shown in Table 2, PM2.5 concentrations have a positive 

correlation with pressure and negative correlation with temperature, rainfall, RH, wind speed and wind 

direction, which is consistent with Figure1. The correlation coefficients of PM2.5 concentration with 

temperature and relative humidity are -0.513 and -0.524 respectively, showing strong negative 

correlations. The correlation coefficients of PM2.5 concentration with rainfall and wind speed are -

0.237 and -0.284 respectively. The PM2.5 concentration has a weak correlation with wind direction, 

which is -0.1 while has a strong positive correlation with the pressure of 0.507. 

 

 

Figure 1. The monthly tendency of PM2.5 concentration and normalized meteorological 

factors 

 

Table 2. The correlation coefficient between PM2.5 and meteorological factors in 2013 

Correlation 

Coefficient 
PM2.5 Temperature Pressure RH Rainfall 

Wind 

speed 

Wind 

direction 

PM2.5 1       

Temperature -0.5132 1      

Pressure 0.5073 -0.8461 1     

RH -0.5239 0.4002 -0.5244 1    

Rainfall -0.2370 0.1219 -0.3133 0.3916 1   

Wind speed -0.2843 0.1303 -0.1979 0.1128 0.0770 1  

Wind 

direction 
-0.0997 0.2258 -0.2956 0.1460 0.1069 -0.0573 1 

3.2. Correlations between PM2.5 and Temperature  

According to the range of temperature in 2013, it is classified into 5 intervals which are 10-15, 15-20, 

20-25, 25-30, 30-35. The amplitude of variation of temperature in Hong Kong is much smaller than 

that in high latitude area due to the subtropical monsoon climate. As shown in Figure 2, the low 

temperature 10-15 and high temperature 30-35 have low frequency, which are 8% and 2%, 

respectively. The highest frequency appears in the interval 25-30, which is 43%. The mean values of 

PM2.5 concentrations for each temperature intervals are calculated. The results show that PM2.5 

concentrations decrease with temperature increase. The mean value of PM2.5 concentrations is highest 

(42 μg/m
3
) when the temperature ranges between 10-15℃. When the temperature is higher than 25℃, 

PM2.5 mean concentrations become lower than 10 μg/m
3
. This because when the temperature is 
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higher, the air convection at lower surface is stronger, which benefits the upward transport of 

particular matter [8]. 

 

Figure 2. The frequency of temperature intervals and mean value of PM2.5 concentration 

for each interval 

 

The linear regression between PM2.5 concentration and temperature was made for each season. As 

shown in Figure 3, the correlations of PM2.5 concentration and temperature are positive in winter, 

spring, and autumn. They have best linear regression fit in spring which R
2 
is 0.23. The correlation is 

different in summer, which is positive with R
2 
=0.022.  

 

Figure 3. The linear regression of PM2.5 and temperature of four seasons in 2013 
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pressure concentrates between 1005 hPa and 1020 hPa in most of the year. With pressure’s increase, 

PM2.5 concentrations have a general increase tendency. Since when pressure is low, the surrounding 

[10,15) [15,20) [20,25) [25,30) [30,35]
0

5

10

15

20

25

30

35

40

45

50

F
re

q
u

e
n

c
y
 (

%
)

Temperature (C)

 

 

10

20

30

40

50

60

P
M

2
.5

 (


g
/m

3
)

Frequency of Temperature

PM2.5 Mean Value

10 15 20 25
0

50

100

150

Temperature (C)

P
M

2
.5

 (


g
/m

3
) 

 

 

y=-1.873x+78.298

R
2
=0.044

10 15 20 25 30
0

20

40

60

80

100

120

Temperature (C) 

P
M

2
.5

 (


g
/m

3
)

 

 

y=-1.893x+68.45

R
2
=0.227

20 25 30 35
0

20

40

60

80

100

120

Temperature (C) 

P
M

2
.5

 (


g
/m

3
) 

 

 

y=1.138x-18.997

R
2
=0.022

10 20 30 40
0

20

40

60

80

100

Temperature (C) 

P
M

2
.5

 (


g
/m

3
) 

 

 

y=-0.874x+58.316

R
2
=0.026

Winter Spring

Summer Autumn

21



1234567890

(ICEST 2017) IOP Publishing

IOP Conf. Series: Earth and Environmental Science 78 (2017) 012003    doi   :10.1088/1755-1315/78/1/012003

 

 

 

 

 

 

air masses with high-pressure airflow to center. The upward airflow is formed in the center and helpful 

for the diffusion of pollutants. On the contrary, when the surface is dominated by high pressure, the 

center area has downward air flow. This condition is not helpful for the dilution and diffusion of 

pollutants and thus increase its concentration [9].  

 

Figure 4. The frequency of pressure intervals and mean value of PM2.5 concentration for 

each interval 

 

Figure 5 shows the linear regression analysis of PM2.5 concentration and pressure. In winter, spring 

and autumn, they have a positive correlation while in summer, they have a negative correlation.  

 

Figure 5. The linear regression of PM2.5 and pressure of four seasons in 2013 
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60%. The mean value of PM2.5 concentration in each RH interval is shown by the broken line in 
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Figure 6, which decrease with the increase of RH. Although there is an increase of PM2.5 when RH 

changes from 20-30 to 30-40, the frequency of RH in 20-30 is very low <1%. Therefore, the increase 

does not have universal representation. 

 

Figure 6. The frequency of RH intervals and mean value of PM2.5 concentration for each 

interval 

 

Figure 7 shows the linear regression between PM2.5 concentration and RH. The PM2.5 concentrations 

and RH have negative correlations in winter, spring, autumn. They fit best in winter with R
2
=0.247, 

followed by autumn R
2
=0.114. In summer, PM2.5 doesn’t have obvious correlations with RH 

(R
2
=0.001).  

 

Figure 7. The linear regression of PM2.5 and RH of four seasons in 2013 
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60-70, 70-80, 80-90, 90-100, >100. The RH values for each interval were made statistics and the mean 

values of PM2.5 for each interval were calculated. As shown in Figure 8, the histogram shows the RH 

frequency and the broken line shows the PM2.5 variations tendency. About 70% days in 2013 have 

rainfall less than 1 mm. The frequency in 1-10 is 15%. The rainfall >70 mm has a very low frequency 

with 1%. Generally, the mean PM2.5 concentrations for different RH intervals decrease with rainfall. 

Especially when the rainfall changes from <1 to 1-10, PM2.5 has a big decline from 37 μg/m
3 

to 22 

μg/m
3
. Therefore, the rainfall can clean the air and thus decrease the particular matter content. 

 

Figure 8. The frequency of rainfall intervals and mean value of PM2.5 concentration for each 

interval 

 

3.6. Correlations between PM2.5 and Wind Speed 

As an important meteorological factor, wind influence the horizontal and vertical transport of air 

pollutants. It also affects the speed of concentration and diffusion of pollutants directly [8]. The wind 

speed in 2013 is slow in general, ranging in 0-30 km/h. The wind speeds were classified into 6 

intervals: 0-5, 5-10, 10-15, 15-20, 20-25, 25-30. The wind speeds of 5-10 km/h account for 60% of the 

whole year (Figure 9). The PM2.5 concentration reduces significantly with wind speed increases. 

When wind speed increase from 0-5 km/h to 5-10 km/h, the PM2.5 mean concentration has a largest 

reduce from 56 μg/m
3
 to 34 μg/m

3
. This is because high wind speed is beneficial for the diffusion of 

PM2.5 [10]. On the contrary, low wind speed inhibits the diffusion of PM2.5 and makes the PM2.5 

concentrates in the surface.  

 

Figure 9. The frequency of wind speed intervals and mean value of PM2.5 concentration for 

each interval 
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According to Figure 10, the linear regressions between PM2.5 and wind speed are different in four 

seasons, but the slopes are all negative, which means PM2.5 decreases with wind speed increases.  

 

 

Figure 10. The linear regression of PM2.5 and wind speed of four seasons in 2013 

 

3.7. Correlations between PM2.5 and Wind Direction 

Besides wind speed, wind direction influences the transport direction of PM2.5 concentration [10]. 

The impact of wind speed on PM2.5 concentration was evaluated by Average Weighted PM2.5 

(AWP), which represents the average PM2.5 concentration for each unit of wind speed. The AWP of 

one direction was calculated by the following equation [5]:  

    
∑      ⁄ 
   

 
 

（1） 

   is PM2.5 concentration,     is wind speed,   represents the number of the direction. 

Figure 11 depicts the AWP in four seasons of 2013. The AWP values for different directions are 

higher in winter ranging from 5μg/m
3
 to 25 μg/m

3
 than that in other three seasons. The AWP values 

(2-14 μg/m
3
) are obviously lower in summer than that in other three seasons. Compared with the wind 

rose chart in Figure 12, winter is dominated by North wind with main directions of NNW, N, NE, 

ENE. The AWP of N wind is highest, larger than 20 μg/m3. The main reason is that the north wind in 

winter bring pollutants from Guangdong to Hong Kong and increase the PM2.5 concentration [11], 

[12]. The main winds in spring are southeast and northeast wind. The directions of NE, ENE, SSE, S 

have relative high frequency. The AWP values of NE and ENE wind (about 5 μg/m
3
) are higher than 

that of SSE and S wind (about 4 μg/m
3
). In autumn, east wind is the main direction. The frequency of 

directions ENE and E are 30% and 23%, respectively. The AWP values for all directions don’t have a 

big difference. Summer was dominated by southeast wind with main directions of SSE, ENE, SSE 

(frequency is close to 40%). The AWP values for SSE and ENE are 2.1 μg/m
3
 and 3.5 μg/m

3
, 

respectively. This is because the southeast wind in summer brings clean air from ocean to Hong Kong 

[11].  
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Figure 11. The AWP values of different wind directions in 4 seasons in 2013 

 

 

Figure 12. The wind rose of 4 seasons in 2013 
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 The wind direction influences the transport direction of PM2.5 pollutants. The north wind in 
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 The correlations between PM2.5 and meteorological factors vary with different seasons. For 

example, PM2.5 has a positive correlation with temperature in winter and a negative 

correlation in summer. 

In summary, meteorological factors have leading impacts on PM2.5 pollutions when the local 

emission is stable. In future studies, the correlation between PM2.5 concentration and meteorological 

factors can be used for prediction of air pollution and help government to make emission-control 

polices to prevent and reduce health impact of PM2.5.  
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Abstract. The article presents the results of complex studies of dust emissions of the mining 

and processing complex. The main technological processes and the sources operation that 

produce intense dust emissions are determined. It has been proved that dust emissions of the 

investigated enterprise contain fine dust dangerous for human health. The results of the studies 

allowed us to detect precisely the dispersed composition of dust emissions, with the separation 

of PM10 and PM2.5 fractions, the chemical composition of the dust, and the shape of the 

particles. Thus, operating with obtained data on dispersed composition of the dust emissions 

and the specified sedimentation coefficient, we were able to calculate the dispersion of all solid 

particles and separately the PM10 and PM2.5 at the location of the enterprise. The dust 

exposure of the population at the targeted zones has been also determined. The obtained 

concentration values were used for assess health risk level to population living at the border of 

sanitary protection zone of the enterprise. Due to the obtained results, the enterprise was 

provided with recommendations on the inclusion of fine particles PM 10 and PM 2.5 in the 

production control program. In the case of increasing its production capacity was 

recommended to introduce the environmental measures for the reduction of emission of the 

finely dispersed fractions PM10 and PM 2.5. 

1. Introduction 

Dusty mixtures, emitted by industrial enterprises of the mining and processing complex, contain 

chemical components –  heavy metal oxides, nitrates, sulfates, soot, etc. Particular danger to human 

health is represented by dust emissions containing fine particles up to 10 microns. This danger is 

becoming more and more obvious. From 1990 to 2010, 3.1 million people died of the causes 

associated with PM2.5 particles. Another figure: particles PM2.5 reduce the expected life span by an 

average of 8.6 months. Totally 3% of deaths from cardiovascular and respiratory system diseases and 

5% of deaths from lung cancer are associated with PM2.5 [1, 2]. 

The next important point in the study of fine particles is their volatility. Dust emissions from industrial 

enterprises contain particles of various sizes: large, medium, small, while large dust particles freely 

accumulate near the plant. Small particles PM 2.5 accumulate more slowly, it is more difficult for 

them to overcome the resistance of the environment and accumulate on the ground. For the smallest 

particles, the resistance is also caused by Brownian motion. Being in suspension, fine particles are 

carried over long distances, creating dangerous concentrations in the territory of the population 

residence [3]. 

2. Purpose of the Study 
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Due to the fact that numerous negative effects of PM10 and PM2.5 fine dusts on human health have 

been proved by numerous studies [4, 5], as well as the possibility of adsorption of toxic components, 

including heavy metals, on dust particles, the goal of the present study was to evaluate quantitatively 

the component and dispersed composition of dust pollution of the ambient air in the zones of location 

of the primary magnesium production complex, as well as to describe the features of dust particles’ 

morphology. 

3. Object of the Study 

The research object became a large mining and processing enterprise of the Perm Krai - the leader of 

the magnesium and rare metal industries of the Russian Federation, which accounts for almost 100% 

of REE, niobium and tantalum, more than 60% of commercial magnesium in the country [6]. 

4. Methods of Research 

Sampling was carried out directly on the main sources of dust emission during the operation of process 

equipment, at a distance as close as possible to the source of dust emission. The distance depended on 

the specifics of the technological process. During the selection, filter materials were used to maximize 

the preservation of the fractional composition of the dust. The dispersion composition of the emissions 

was evaluated using a Microtrac S3500 laser particle analyzer (covered particle size range varied from 

20 nm to 2000 μm); particle morphology and component composition were determined by electron 

microscopy using a high-resolution scanning microscope (magnification degree from 5 to 300 000 

times) with a X-ray fluorescent attachment S3400N "HITACHI". The chemical composition was 

identified by X-ray phase analysis of the samples using an XRD-700 X-ray diffractometer "Shimadzu". 

To determine the level of dust pollution and to establish the emitting zones of influence of fine dust 

particles PM 10 and PM 2.5 and their comparison with the zones of influence of dust particle 

emissions without taking into account the dispersion, the model simulation of the dispersion of 

particulate pollutans’ emissions from the sources of the enterprise has been conducted. Dispersion 

calculations were carried out using a unified program for the calculation of air pollution, implementing 

the provisions of OND-86 [7]. The calculations were verified by instrumental research. 

5. Results of the Study  

The obtained results of the research have demonstrated, that the disperse structure of dusts in 

emissions of various technological processes is heterogeneous. The results of instrumental studies of 

the determination of the different fractions portion (%) in the dust particles are shown in Table 1. 

 

Table 1. Dispersed composition of dust emissions of the investigated sources of the mining and 

processing enterprise 

№ 

s/p 

Point of selection 

(Technological operation) 

The content of particles of 

normalized fractions 

РМ2.5,% РМ10,% 

More 

than 

10 

micron 

1 2 3 4 5 

1 Unloading of finished products 10.77 26.03 73.97 

2 Loading (steam hydrolysis section) 56.70 76.43 23.57 

3 Unloading (steam hydrolysis section) 13.69 16.69 83.31 

4 
Unloading of finished products 

(precipitation of REM carbonates) 
20.34 85.60 14.40 

5 Preparation of soda solution 1.63 9.88 90.12 

6 Mg refining, alloy preparation 0.00 0.56 99.44 

7 Grinding of flux 2.14 19.96 80.04 

8 Grinding of sulfur 3.33 18.79 81.21 
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9 
Casting of metal on a foundry 

conveyor 
4.55 15.53 84.47 

10 
Draining of SHES from the scrap 

crucible into the process box 
0.00 0.514 99.49 

11 
Filter cleaning (chlorine after 

electrolysis) 
11.66 38.63 61.37 

12 Lifting and filling of supply bins 0.00 0.00 100.00 

13 

Unloading into the hopper (lime for 

neutralization of chlorine) lime after 

roasting 

5.97 30.13 69.87 

14 Loading of CaF2 3.35 30.98 69.02 

15 
Distillation of carnallite dust from in / 

ovens 
9.75 44.48 55.52 

16 Loading of chlorators with charge 9.02 28.99 71.01 

17 
Transportation of carnallite to the KS 

furnace 
15.31 27.60 72.40 

18 
Transportation of carnallite from the 

KS furnace 
8.04 41.05 58.95 

 
The fraction of particles up to 2.5 μm in size (PM 2.5) inclusive was from 0.00 to 56.70%; Particles of 

less than 10 μm in size (PM 10) inclusive - 0.00 - 85.60%; Particles with sizes more than 10 microns - 

14.40 -100.00%. Under microscopic study, the presence of nano-sized particles was established. 

 

The distribution of the dispersed composition of dust emissions of the dust particles studied in the 

ejection structure is presented in the form of histograms in figure 1. 

 

 

  

Figure 1. Percentage of suspended particles in industrial emissions. 

 

In the course of the study, the component composition of the dust emissions of the selected samples 

was studied. The main share of the component composition of emissions consists of impurities 

distinctive for this production: magnesium, potassium, calcium, chlorine, silicon and metal oxides: 

iron, aluminum, lead, copper, manganese, zinc, chromium. Figure 2 shows the spectrograms of the 

emission components from the operation of the technological equipment of the investigated enterprise. 
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Figure 2. Spectrograms of the component composition of dust emissions of the investigated 

enterprises. 

 

The studied morphological features of the selected samples allowed us to identify the shapes of fine 

particles emitted into the atmospheric air. It is determined that the dust particles have a rounded, 

irregular, cubic and composite shape. Images of dust particles of different shapes are shown in figure 3. 

Based on the obtained results of the disperse composition and morphological features, model 

calculations of the dispersion of dust emissions were carried out and zones of distribution of fine dust 

PM 10 and PM 2.5 over the territory were established and compared with the zones of influence of 

dust particle emissions without allowance for dispersion.  

As initial data, the inventory data the pollutant sources of the investigated enterprise were used. The 

calculation took into account the emissions of solid pollutants and finely dispersed dusts PM10 and 
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PM 2.5. For each release of solid pollutants and finely dispersed dusts PM10 and PM 2.5, the settling 

coefficient (sedimentation) was refined [8]. Calculation of dispersion was carried out at the areas on 

the border of the sanitary protection zone of the enterprise and on a regular grid covering the territory 

of the enterprise and the outskirts including the territory of the population habitation. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Forms of fine particles of the mining and processing complex. 

 
Figure 4. Isolation of dispersion of magnesium oxide (without taking into account 

the dispersed composition). 
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Figure 5. Isolation of dispersion of PM 10. 

 

Figure 6. Isolation of dispersion of PM 2.5. 
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Calculation of the dispersion of dust emissions without taking into account the dispersed composition, 

according to the substances specific for the given production, established concentrations in the 

population's living areas for magnesium oxide - 0.37 MPC m, for calcium oxide - 0.14 MPC m. 

Taking into account the dust emissions of finely divided fractions separately for PM10 and PM2.5, the 

calculated concentrations of finely divided fractions at the population residential areas were 

established for RM 10 - 0.54 MPC m, for RM 2.5 - 0.31 MPC m. , Which indicates a higher level of 

air pollution. More than 200 people will live in the zone of the established exposition at the moment, 

including about 20 children. 

In general, the situation should be assessed as a safe one, the normative quality of atmospheric air is 

observed at the border of residential areas. 

Areas of distribution of solid dust emissions without taking into account the dispersed composition 

and fine particles in the form of isolines of dispersion are presented in figures 4-6. 

Analysis of indicators of the health risk of the population [9] at the population residential areas 

determined that the maximum value of the coefficient characterizing the acute inhalation effect for 

fine particles is PM10 - 1.07 HQ, PM 2,5 – 0,77 HQ, which allows to assume risks of the formation of 

respiratory functions disorders in the population permanently residing near the enterprise, as well as 

other deviations in the state of health, characteristic for the action of finely dispersed particles. 

The availability of up-to-date data on the dispersed composition of dust emissions made it possible to 

establish exposure levels to such hazardous components as PM 10 and PM 2.5, as well as to more 

accurately assess the health risks for the population. 

Based on the results of the conducted studies, the enterprise was recommended to include in the 

production control program finely dispersed particles of PM 10 and PM 2.5 at the areas of population 

residence. In case of increasing production capacity, the introduction of environmental measures to 

reduce emissions of finely dispersed fractions of PM10 and PM 2.5. 

6. Conclusions 

- It is established that the technological processes of the mining and processing complex are 

accompanied by intense dust emission; 

- it is proved that majority of the sources of the investigated enterprise contain emissions of fine 

particles dangerous for human health. Dust emissions into the atmosphere contain PM10 to 85.60%, 

PM2.5 to 56.70%; 

- according to the study, it is clear that the probability of the presence of hazardous small particles in 

the air in the zones of influence of production facilities is quite high. The population living in the area 

of the enterprise is under the influence of dust factor; 

- availability of actual information on dust emissions - component composition, dispersed composition, 

particle shapes, allow more accurate assessment of the exposure level at specified areas and apply the 

methodology for assessing the health risk for the population. 
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Abstract. In recent years, heavy metal contamination in the environment has been attracted 

worldwide attention due to their toxicity, persistence,extensive sources and non-biodegradable 

properties. We herein investigate variation trend and risk of heavy metal and radiation 

distribution in the former mine stope, former mineral ore stockyard, and mine road with 

surface soils of a retired uranium mine in the mid-south of China. The mean concentrations 

(mg/kg) of Pb,Cd,Cu,Zn,As,Hg,Cr,Mn,Ni,U, and 
232

Th were analyzed according to the 

corresponding background values in Hunan, China. The Geo-accumulation index (Igeo) were 

used for the assessment of pollution level of heavy metals and the radioactive elements of U 

and 
232

Th. Then, Pollution load index (PLI) and GIS techniquewere integrated to assess spatial 

distribution of heavy metal contamination and radioactive contamination. Results confirmed 

that three areas in the retired uranium mine was a primary source of pollution, which showed 

anthropogenic origin mainly from agricultural runoff, hydrometallurgy from chemical 

industries, radioactive tailings, and electroplating industriesfinally drained into Zishui River 

and Xiangjiang River. Based on the actual situation, some suggestions were put forward for the 

treatment of the retired uranium mine in conclusion. 

1. Introduction 

In recent years, heavy metal and radioactive elements contamination in the environment has been 

attracted worldwide attention due to their toxicity, persistence, extensive sources and 

non-biodegradable properties [1]. The agricultural soil around the mining area, and the quantities are 

more than the carrying capacity of heavy metals. The food chain can serious impact one the health of 

the human body, and ultimately cause health risks to the human body[4]. The result of the principal 
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components (PCs) and the factor analyze (FA) showed that the anthropogenic activities are primary 

sources of soil contamination with heavy metals and radioactive elements. 

Combined with multivariate statistical analysis and geographic information system (GIS) 

technology[7], we investigated the three regions around the retired uranium mine of heavy metal and 

radioactive pollution sources in the mid-south China. Specifically, the heavy metal and radioactive 

element was sampled and analyzed in the former mine stope, former mineral ore stockyard and mine 

road. Therefore, the following three aims are considered in this study.(1) analyzing pollution status of 

nine heavy metals (Pb,Cd,Cu,Zn,As,Hg,Cr,Mn, and Ni) and two natural radioactivity (U and 
232

Th), (2) 

using potential geo-accumulation index(Igeo), and combined pollution load index (PLI) and GIS to 

assess spatial variation of heavy metal contamination and (3) using the Pearson's coefficient to 

analysis the correlation with factor analysis (FA) between the heavy metal elements and radioactive 

elements. 

2. Materials and Methods 

2.1. Study Area 

The uranium mine, retired in 1996, is located in Hunan Province, middle and southern part of China. 

The type of ore deposit belongs to the hard rock type uranium deposit in the little hilly area with the 

elevation of 200-300m. The average annual temperature is 18 - 20℃, and the mean annual 

precipitation is 1286-1372mm. The polluted surface soil contains heavy metal elements, such as Pb, 

Zn, Cd, and so on, and radioactive elements of U and
 232

Th. The corroded soil form farmland flows 

into the river, lies in the south of the study area.  

 

Figure 1. Study area and sampling sites of surface soils in farmland along a retired uranium mine. 

2.2. Sampling 

In Spring season of 2016, a total of ten sites were collected in the farmland around the retired (Figure 

1). In the former mine stope, former mineral ore stockyard and mine road collected nearly 60 soil 

samples. In each samples sites, the former mine stope, former mineral ore stockyard and mine road 

collected respectively 24, 16 and 18 soil samples. S1, S2, and S3 were located in mine stope. S4, S5, 

S6 and S7 were located in mineral ore stockyard. S8, S9, and S10 were located in mine road. The 

polyethylene bags were packed and sent back to the laboratory for cold storage. 

2.3. Analytical methods and quality control 
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The sample was dried up in an oven at 100℃ for 24h, until constant weightsieved with 40 mesh sieve 

for homogenization, and homogenized and separated into two parts. A sample of 0.5g was weighed 

and transferred to airtight Teflon vessels and added by HNO3, HF, HClO4 which were digested with a 

mixture. The other sample of 328.0g was weighted and sealed in airtight polyethylene cylindrical 

container, and then placed for 30 days to reach secular equilibrium before further gamma-ray 

measurement. Inductively coupled plasma-massspectrometry (ICP-MAS), followed by the Chinese 

DZ/T0223-2001, was used to analyze Pb, Cd,Cu,Zn,Cr,Ni. Atomic fluorescence spectrometry (AFS) 

was used to analyze As, Hg, Mn.Gamma spectrometry (GS) was used to analyze 
232

Th,and U, follow 

by the Chinese GB/T 11743-2013. 

In the analysis process, the quality control of the soil composition analysis standard materials 

(GBW07401, Institute of Geophysical and Geochemical Exploration) was added to meet the quality 

control requirements. The analytical precision was conducted with the repetitive rate of 10%.[8] The 

results met the quality control requirement of The Technical Specification for Soil Environmental 

Monitoring (HJ/T 166-2004) and Determination of radionuclides in soil by gamma spectrometry 

(GB/T 11743-2013). 

2.4. Geo-accumulation index(Igeo) 

Igeo index was introduced by Muller(1969).[9] It is a geochemical criterion to evaluate heavy metal 

pollution and radioactive pollution in uranium mining area. The equation is also considered the 

background value change which caused by the natural diagenesis. The Igeo was calculated by the 

equation [10]: 

       (1) 

Where Cn is the measured concentration of element (n), mg/kg and Bn is the geochemical background 

value of the element (n), mg/kg. In the equation, average values were used, and 1.5 is the factor used 

for lithologic variations of trace metals. According to the soil background values in Hunan(1988), 

background values of heavy metal and radioactive contents in a uranium mine were used as Bn for 

calculation. The level classification of Igeo is defined as unpolluted(<0),unpolluted to moderately 

polluted (0-1),moderately polluted (1-2),moderately to strongly polluted (2-3), strongly polluted 

(3-4),strongly to super strongly polluted (4-5) and super-strongly polluted(>5). 

 

Table 1. Summary statistics of heavy metal and radioactive concentrations in the retired uranium mine, 

compared with guide values of China(mg/kg, dry weight). 

 Pb Cd Cu Zn As Hg Cr Mn Ni 
232

Th U 

Former 

mine stope 

           

Min 173.8 1.78 38.33 280.5

4 

18.1

2 

165 29.6

3 

300.5

4 

3.8 18.82 16.2

3 

Max 2319

0 

22.5

4 

228.8

9 

4173 226.

2 

1881

.76 

60.6

6 

572.2

1 

18.2

6 

84.62 217.

22 

Mean 3568. 10.8 119.6 2150. 57.8 839. 47.4 435.1 12.3 27.89 101.

2log ( /1.5 )geo n nI C B
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57 3 6 49 6 69 5 4 5 46 

S.D.
a
 5854.

71 

6.06

2 

57.97 1250.

32 

45.3

7 

554.

34 

8.05 74.31 3.4 16.79 53.3

1 

CV
b（%） 1.64 0.56 0.48 0.58 0.78 0.66 0.17 0.17 0.28 0.6 0.53 

Former 

mineral ore 

stockyard 

           

Min 145.7

1 

0.63 21.8 184.8

8 

15.8

9 

113.

43 

31.2

1 

333.4 4.17 22.29 14.1

2 

Max 1737

0 

10.2

6 

157.2

1 

2548.

96 

92.1

5 

509.

51 

64.7

4 

504.6

6 

17.0

8 

60.01 527.

77 

Mean 2479.

48 

2.69 45.57 655.0

3 

37.9

4 

225 47.1 429.7

3 

11.9

5 

30.47 91.2

7 

S.D.
a
 4948.

66 

2.73 41.5 720.8 19.9

9 

107.

76 

8.96 45.12 3.98 10.18 126.

48 

CV
b（%） 2.0 1.01 0.91 1.1 0.53 0.48 0.19 0.11 0.33 0.33 1.39 

Mine Road            

Min 50.7 0.11 12.84 63.98 15.2

9 

62.1 29.0

7 

310.3

1 

8.43 20.81 6.88 

Max 1323 12.4 58.58 1976 62.8

5 

1082

.74 

56.3

9 

494.4

6 

17.1

8 

28.12 43.7

5 

Mean 370.7 2.79 30.37 515.2

8 

43.3

7 

300.

57 

43.8

1 

398.8

8 

11.6

3 

23.63 22.2 

S.D.
a
 383.8

5 

3.4 13.42 567.4

6 

13.8

4 

297.

78 

6.69 40.76 2.24 1.99 10.9

5 

CV
b（%） 1.04 1.22 0.44 1.1 0.32 0.99 0.15 0.1 0.19 0.08 0.49 

Mean of 3 

fields 

2275.

69 

6.09 71.51 1230.

47 

47.8

7 

502.

81 

46.2

2 

422.3

9 

12.0

1 

27.28 74.0

5 

Backgroun

d
c
 

27 0.08

5 

26 94 14 0.09

6 

68 441 32 17 4.2 

a
S.D.: standard deviation 

b
CV: coefficient of variation 

c
Background: According to the Soil background values in Hunan (1988) 

2.5. Pollution load index (PLI) 

Pollution load index (PLI) is a kind of evaluation method proposed by TOMLINSON[12] in the 

classification of heavy metal pollution levels[13]. Contamination factor(CF) is the ratio of measured 
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concentration by background value. For the entire sampling site, PLI has been determined as the nth 

root of the product of the nCF
 
[14]: 

 
/n nCF C B

  (2)
 

             
1/

1 2 3( * * *...* ) n

nPLI CF CF CF CF
            (3) 

 

The evaluation steps include the calculation of the highest pollution coefficient and the calculation of 

the pollution load index, and to provide a straightforward and comparative method for evaluating the 

level of heavy metal and radioactive contamination. The level classification of PLI is defined 

asunpolluted(<1),moderately polluted (1-2),strongly polluted(2-3) and super-strongly polluted(>3). 

2.6. Multivariate statistical and GIS-based analyses 

In this study, we used the Pearson correlation coefficient to reflect the linear relationship between 

variables. All the statistical analyses were performed using SPSS 18.0 for Windows. ArcGIS 10.0 

software was used to analyze the spatial variations of heavy metal and radioactive elements [16].  

3. Results and discussion 

3.1. Soil contamination characteristics 

The mean contents of Pb,Cd,Cu,Zn,As,Hg,Cr,Mn,Ni,
232

Th,and U in three areas were presented in 

Table 1,along with background values in Hunan, China. In surface soils of a uranium mine.Heavy 

metal elements and radioactive elements were higher than the background values, such as Pb, Cd,Cu, 

Zn, As, Hg and U. Pb,Cd,Cu,Zn,Hg and U in the former mine stope and the former mineral ore 

stockyard were approximately twice to forth as high as that of mine road. 

The pollution level of Pb,Cd,Cu,Zn,Hg and U has increased the degree of pollution during the three 

areas studiedin Figures 2 and Table 2.Hg was more than two times in the super-strongly pollution 

level. The same level of Cd pollution is not optimistic, and the serious is only less than Hg. Zn and U 

were increased quickly with all elements. Pb was in the moderately level. According to Igeo, average 

pollution level decreased following the order Hg>Cd>Pb>U>Zn>As>Cu>
232

Th>Mn>Cr>Ni. 

 

Figure 2. Geo-accumulation index(Igeo)of heavy metals and radiationsin a retired uranium mine for 

three areas. 
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Table 2. The level classification of Geo-accumulation index (Igeo) of heavy metals and radiations in a 

retired uranium mine for three areas. 

 Former mine 

stope 

Former mineral ore 

stockyard 

Mine road Mean 

Pb Super-strongly 

polluted 

Strongly polluted Moderately to 

strongly polluted 

Strongly to 

super-strongly 

polluted 

Cd Super-strongly 

polluted 

Strongly polluted Strongly polluted Strongly to 

super-strongly 

polluted 

Cu Moderately 

polluted 

Unpolluted Unpolluted Unpolluted to 

moderately polluted 

Zn Strongly 

polluted 

Moderately polluted Moderately polluted Moderately to 

strongly polluted 

As Moderately 

polluted 

Unpolluted to 

moderately polluted 

Unpolluted to 

moderately polluted 

Unpolluted to 

moderately polluted 

Hg Super-strongly 

polluted 

Super-strongly 

polluted 

Super-strongly 

polluted 

Super-strongly 

polluted 

Cr Unpolluted Unpolluted Unpolluted Unpolluted 

Mn Unpolluted Unpolluted Unpolluted Unpolluted 

Ni Unpolluted Unpolluted Unpolluted Unpolluted 

232
T

h 

Unpolluted Unpolluted to 

moderately polluted 

Unpolluted Unpolluted to 

moderately polluted 

U Strongly 

polluted 

Strongly polluted Moderately polluted Moderately to 

strongly polluted 

3.2. Spatial risk assessment of heavy metal and radioactive elements 

Spatial risk map of heavy metal in a retired uranium mine was shown in Figures 3. To facilitate the 

analysis, with different colors to represent the various points in the extreme heavy pollution conditions 

over the multiple samples. In the former mine stope, it might be affected by the residue soil and 

hydrometallurgical mill which left the radioactive contamination and chemical pollution. In the former 

mineral ore stockyard, S4,S5,S6, were also the more severe contamination area, which was nearly the 

uranium deposit cave and hydrometallurgical mill. There are many ditches, and finally, import to 

Zishui River. Infected by rain and slag mucks, the heavy metal and radioactive were polluted around 

the farmlands. S7 is lower than S4,S5, and S6, due to it was far from the ditches. In mine road, S8, S9, 

and S10,the area were located nearly the battery factory and chemical plant. The heavy metal pollution 

was more serious than radioactive contamination. Similarly affected by the ditches, the pollution 

levels were only below the mine yard. 
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3.3. Correlation and factor analysis 

Correlation analysis of heavy metal and radioactive in soils were shown in Table 3. In the former mine 

stope, a strong positive correlation between Pb,Cd,Cu,As,Cr,Mn,Ni,
232

Thand U(P≤0.01) was presented. 

In the former mineral ore stockyard, a strong positive correlation between Cd,As,Hg,Cr,Mn,Ni,
232

Th, 

and U is shown. In mine road, both all elements were found a definite positive. The 
232

Th and U were 

also found a strong positive correlation in three fields. They were randomly distributed in the surface 

soil and considered in association with other heavy metal elements. 

 

 

Figure 3. Spatial distribution maps using pollution load index(PLI) for heavy metal and radioactive 

risk in a uranium mine. 

Table 3. Pearson correlation matrix for heavy metal and radioactive concentration in a retired uranium 

mine. 

 Pb Cd Cu Zn As Hg Cr Mn Ni 
232

Th U 

Former mine 

stope 

           

Pb 1           

Cd 0.274
a
 1          

Cu 0.412
a
 0.6

a
 1         

Zn 0.419 0.96

2
a
 

0.64

7
a
 

1        

As 0.199
a
 0.50

3
a
 

0.11

5
a
 

0.502
a
 

1       

Hg 0.083
b
 0.54

1
a
 

0.44

1
a
 

0.493
a
 

0.399
a
 

1      

Cr -0.579
a
 

-0.4

42
a
 

-0.24

4
a
 

-0.51

5
a
 

-0.40

8 

-0.54

4
a
 

1     

Mn -0.113
b
 

-0.1

24
a
 

-0.38

1
a
 

-0.15

8
a
 

0.267
a
 

-0.17
a
 

0.256
a
 

1    

Ni -0.79
a
 -0.2

12 

-0.29

9
a
 

-0.28

7
a
 

-0.24

9
a
 

-0.11

8
a
 

0.573
a
 

0.23

2
a
 

1   

232
Th -0.232 0.97 0.09 0.299 0.26

a
 0.10 -0.06

a
 -0.29 0.332 1  
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Loading of the principal components (PCs) for three areas were shown in Figure 4a-4c. In the 

formelmine stope, PC1 (53.1% of the total variance) was dominated mainly by Zn, Cd, and Hg, and 

the origin could be from chemical industries. PC2 (35.6% of the total variance) was dominated 

primarily by Cu, As, and Pb, the origin could be from agricultural runoff. PC3(17.2% of the total 

variance) was dominated mainly by U and 
232

Th. The origin could be from radioactive tails. In the 

former mineral orestockyard , PC1 explained 41.6% of the total variance and dominated by Zn, and 

Hg, it might be chemical industries. PC2 explained 39.2% of the total variance and dominated by Pb; 

it might be electroplated industries. PC3 explained 16.4% of the total variance and dominated by U 

and 
232

Th; it might be radioactive tailings. In mine road, PC1 (43.5% of the total variance) was 

dominated mainly by Hg and As; the origin could be from agricultural runoff. PC2 explained 41.7% of 

the total variance and dominated by Pb, Cd, and Zn; it might be chemical industries. PC3 accounted 

for 12.9% with the strong loading of U and 
232

Th; it was similarly to mineral ore stockyard and mine 

stope.  

  

 

Figure 4. Loadings of the PCs for heavy metals and radiations: (a) in the former mine stope, (b) in the 

former mineral ore stockyard and (c) in mine road. 
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4. Conclusion 

In this article, three-fields longitudinal assessment and analyses were conducted in the present study in 

a uranium mine during dry seasons. After the investigation, we carried out nine heavy      metals 

and two radioactive elements and revealed their pollution condition. Pb,Cd,Hg,Zn, and U were in 

potentially high risk with considerable loadings and increased contents. Especially Hg and Cd were in 

super-strongly pollution status. Hg was more than two times. Due to the growth of agricultural runoff, 

chemical industries from hydrometallurgy, radioactive tailings, and electroplate industries, they were 

the factors that lead to heavy metal and radioactive risk. Spatial distribution analyses indicated the 

former mine stope and the former mineral ore stockyard were the biggest sources of pollution, and the 

a key to retire governance. A strong positive correlation between Pb,Cd,As,Cr,Mn,Ni,
232

Th and 

U(P≤0.01) is found. Finally, we suggested taking measures to reduce the risk in a retired uranium 

mine.  

Due to the soil-plant system is a source of bio-energy, the plants can clean up the potential risk of the 

heavy metal pollution [17] .Restore soil fertility is a way of accelerate ecological succession, such as 

different grass species planting, legumes and native species rotating [18]. Natural and artificially 

constructed wetlands get helpful to control the elements of heavy metal in acid mine water, and avoid 

spreading the heavy metal pollution in surface and subsurface water [19]. The vegetables with 

radionuclides can not to feed the livestock in the uranium mine, and they are growing on the sludge 

and the stream wetland [20]. Avail the susceptibility of the long half-life of radionuclides, such as 

post-reduction minerals to reoxidation and remobilisation via microbial metabolism or abiotic 

mechanisms, and it reduces the radioactivity in the environmental remediation [21]. The chemical 

treatment get helpful to control the radionuclides in tailings, such as CaO/CaCO3 and BaCl2, and cover 

with clay materials and other soils [22].  

This study indicated that the environmental pollution problem of the retired uranium ore can not be 

ignored and got the first line information of the risk assessment of the domestic retired uranium 

mine.The obtained data can be not only used as a reference data for monitoring possible pollution in 

future but also can be applied to radioactive site remediation technology, phytoremediation technology, 

and cover experiment. 
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Abstract. On the basis of the research on CO2 geological storage and enhanced oil 

recovery(EOR) technology, a random porosity distribution model which conforms to 

logarithmic normal distribution was adopted in order to describe the heterogeneous 

characteristics of pore structure. On this basis, the two-phase flow model of CO2-formation 

water was established to describe the displacement process. Through the simulation of CO2 

injection into depleted reservoir, it confirmed that injection point pressure was associated with 

the temperature and depth of the formation except heterogeneity. But the saturation distribution 

was greatly influenced by formation heterogeneity and depth. Thus, the space utilization of the 

injection layer reduced gradually with the depth increasing. The related research is important 

for CO2 storage, migration and evolution in depleted reservoir. 

1. Introduction 

With the rapid development of modern industrial economy, the increasing oil consumption results in 

many oil blocks losing economic exploitation value and becoming depleted reservoirs[1]. Meanwhile, 

as the main component which discharged from the burning of fossil fuels, carbon dioxide (CO2) is 

considered to be one of the greenhouse gases that may contribute most to global warming on the 

earth[2-4]. Disposal of CO2 from stationary sources into subsurface structures has been suggested as a 

possible means for reducing CO2 emissions into the atmosphere. The geological storage has been 

studied as one of the effective ways of CO2 emission reduction[5-6]. As one of the ideal storage place, 

depleted reservoir is selected for carbon dioxide sequestration, and its oil recovery also can be 

improved by CO2-flooding during CO2 injection. However, the oilfield has injection wells, production 

wells and equipments, which can greatly reduce the carbon dioxide capture and recycling costs in the 

early stage of storage. Depleted reservoir has a natural closed space and conditions, carbon dioxide in 

depleted reservoir can be mainly storaged by dissolving into the residual oil and formation water 

sealed in the formation. In addition, carbon dioxide can react with the high valence cations of the 

formation water and sealed. 

Depleted reservoir which have lost its economic exploitation value, is mostly in a state of high water 

cut. Porous media of these reservoirs is mainly composed of formation water (or injected water) with 

highly scattered residual oil distributing[7]. Considering the oil-water contact, two-phase flow of CO2 

and water is studied firstly during CO2 being injected into the depleted reservoir. The pore structure of 

formation changed a lot due to the long-time water flooding, physical and chemical reaction among 

CO2 and water and rocks[8]. Thus, the original permeability and porosity of the reservoir are not 

accurate any more. Given the characterization of porosity can be characterized by average value, the 

random simulation method is used to describe the heterogeneous characteristics of porosity. 

A random porosity distribution model which conforms to logarithmic normal distribution is adopted in 

order to describe the heterogeneous characteristics of pore structure which had been changed in the 
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injection layer. On this basis, two-phase flow model of CO2-formation water is established to describe 

the displacement process. Considering the operation parameters influence on the characteristics of CO2 

injecting into depleted reservoirs, the effects were analyzed through the numerical simulation. The 

impacts of porosity heterogeneity, injection depth and injection pressure were mainly discussed in this 

paper, in order to provide a theoretical basis for CO2 sequestration and migration in the depleted 

reservoir. Meanwhile, the results can be referenced for the further studying on WAG. 

1.1. Porosity Distribution Model 

The logarithmic normal distribution function is used to describe the average porosity of the injection 

layer. As the porosity distribution model is built, heterogeneous pore structure characteristics of CO2 

injection layer can be studied. 

Logarithmic normal distribution of probability density function can be expressed as follows: 

                                          （1） 

Among them, the parameter θ and σ are the mean and standard deviation of the variables logarithm 

respectively. Its mathematical expectation is the average porosity of injection layer which can be 

expressed as: . Its Variance is the variance of the porosity which can be expressed as: 

，The relationship between them can be expressed as： 

                                                       （2） 

                                                       （3） 

Rock porosity is 0.1~0.4 in commonly, considering the different reservoir conditions of Depleted 

reservoirs which has been developed by water flooding for long time, 0.25 is selected as average 

porosity and 0.01 as its variance in this study. Thus, the parameter θ and σ can be calculated by 

formula (2) and (3): =-1.4605, =0.3853. 

 

Figure 1. Porosity distribution. 

The porosity distribution model can be solved through MATLAB7.0 as follows: 

①Function meshgrid() is used for meshing the regional of calculation model, to generate the compute 

nodes; 

②In the region of two-dimensional, the function lognrnd () is used to generate the porosity array 

which satisfy θ and σ in the grid nodes and interpolation method is used on the outside space. 

calculating the two-dimensional area so as to realize the porosity distribution of random logarithmic 

normal distribution. As shown in Figure 1. And the pore variance can be 0 if Pore formation is 

homogeneous. 

2. Mathematical Model and Computation Conditions 
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The critical pressure of CO2 is 7.38 MPa, and the critical temperature is 31.04℃. Under the 

supercritical state, CO2 will become a supercritical fluid, which has as big as liquid density, but at the 

same time is as high as the gas dispersion coefficient and low viscosity[9]. 

2.1. Research Area 

The model of two phase flow in porous media was employed to develop a simulation code of CO2 

injection. The two phases are assumed to be CO2 fluid as non-wetting phase and groundwater as 

wetting phase. The CO2 density was calculated by the Peng-Robinson equation, and CO2 viscosity was 

calculated by the Jossi-Stiel-Thodos equation. The formulation of the numerical model and theoretic 

explanation is as follows.  

Established mathematical model based on the following assumptions: (1) CO2 is in the supercritical 

state.(2) Ignore the solubility of supercritical CO2 in formation water;(3) Ignore the capillary force in 

reservoir pore;(4)The geothermal gradient is only considered in supercritical CO2 density and the 

influence of viscosity;(5) Fluid and rocks are incompressible , the fluid flow conform to darcy law. 

2.2. The Establishment of the Two-Phase Fluid Continuity Equation and the Equation of Motion 

The mass conservation equation is as follows: 

 
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w w w

S
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                                           （5） 

where the subscript w for the water phase and n for the CO2 phase,  is the porosity, S the saturation, q 

the density, t time and v the Darcy flux velocity.  

Darcy’s law extended to two phase flow can be written for each phase as 

                                               （6） 

                                               （7） 

where K is the absolute permeability, krw, krn the relative permeability, μw, μn the viscosity, pw, pn the 

pressure and g the acceleration due to gravity. 

2.3. Equation of State for Two Phase 

The multiphase system in porous media is characterized by parameters such as the capillary pressure, 

relative permeability and saturation relationship. The pressure difference across the interface between 

two immiscible fluids was neglected under the assumption that the injection pressure would be much 

higher than the capillary pressure (pw = pn), so the capillary pressure pc =0. 

The two phase saturation is satisfied as follows: 

Sw+Sn=1                                                          （8） 

According to the van Genuchten model, the relationships between the relative permeabilities and the 

effective saturation are given by 
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where Se is the effective saturation, which can be described as follows: 
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Where Swr and Snr are the water and CO2 residual saturation respectively, α, ψ and γ are parameters 

that are determined by the shape of the pores. According to the literature
,
 typical values for the 

parameters α, ψ and γ are 1/2, 1/3 and 0.77, respectively. 
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In order to describe the changes of density and viscosity of supercritical CO2 caused by the changes of 

temperature and pressure in the injection layer, the Peng-Robinson equation is used to calculate the 

density of supercritical CO2, and the Jossi-Stiel-Thodos equation is used to calculate the viscosity of 

supercritical CO2 in this paper. 

2.4. Boundary Conditions 

For the study area and the establishment of model equations, the initial conditions and boundary 

conditions are as follows: 

Initial conditions: when the t=0, p=f(z), Sw =0.9, Sn =0.1 

The injection point is located in the centre of the calculation region, and CO2 saturation is 1 in the 

injection point while simulating the CO2 injection. In the calculation region, the initial saturation of 

CO2 is 0.1, except for the injection point. 

Boundary conditions: In the calculation, the pressure and initial saturation are given by the pressure 

gradient at the boundary, which is the first kind of boundary condition: 

p=f(z)，x=±500；z=±500 

Sw =0.9，Sn =0.1，x=±500；z=±500 

q=q0，x=0；z=0 

2.5. Solving Model 

The commercial simulation software of COMSOL Multiphysics is used in order to solve the  

mathematical model. Coupled with the Peng-Robinson equation, the Jossi-Stiel-Thodos viscosity 

equation and Porosity model conforms to logarithmic normal distribution. Table 1 is the part of the 

parameter values used in the model[5]. 
Table 1. Parameter values in the model. 

attribute paramete parameter values 

Calculation area 1000m×1000m 

Permeability K/10
-3

μm
2
 100 

Average porosity of injection layer   0.2 

Formation water density ρw/kg·m
-3

 1.0×10
3
 

Formation water viscosity μw/mPa·s 0.283 

CO2 viscosity μn/mPa·s  by Jossi-Stiel-Thodos  

CO2 density ρn/kg·m
-3

 by Peng-Robinson  

CO2 residual saturation Snr 0.05 

Residual water saturation Swr 0.05 

Pressure gradient /MPa·km
-1

 10.5 

Geothermal gradient /K·km
-1

 45 

Surface temperature /K 293 

Injection rate q0/kg·s
-1

 5 
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Figure 2. Comparison of pressure at the 

injection point of two different viscosity 

models . 

Figure 3. changes of injection point pressure 

within 24 hours. 
 

Through the simulation, the change of injection point pressure at different temperatures was obtained 

(Figure 2). At first, the results of this model are compared with the results of K Sasaki et al. In the 

calculation process, the initial conditions and relevant parameters used in this paper are most of the 

same as that used by Sasaki K(Table 1)[5], and the difference is that the viscosity of supercritical 

carbon dioxide, which is used by Sasaki K et al is a fixed value of 0.216×10
-1

mPa·s,and in this paper, 

the Jossi-Stiel-Thodos equation is used to characterize the viscosity which adapted to the formation 

temperature and pressure, the calculated viscosity range is 0.206×10
-1

mPa·s to 0.394×10
-1

mPa·s. 

As Figure 2 shows that, at the same temperature, the viscosity values obtained by different viscosity 

models have obvious effects on the injection pressure of carbon dioxide. When the injection 

temperature is 343K (70℃), the injection point pressure variation curve which corresponding to the 

viscosity value calculated by the equation of Jossi-Stiel-Thodos is lower than the injection pressure 

which corresponding to the fixed viscosity, and when the injection temperature is 383k (90℃), the 

result is just the opposite. Therefore, in the formation of large changes in temperature and pressure, in 

order to more accurately characterize the influence of the actual viscosity of carbon dioxide on 

injection point pressure, using viscosity equation which is adapted to local temperature and pressure 

formation to characterize is more in line with the actual situation of formation. 

Under a certain temperature, the pressure of the injection point will increase gradually and tends to be 

stable over time. The higher the reservoir temperature, the greater the pressure of the injection point, 

which is due to the density of carbon dioxide decreases with the increase of temperature. The higher 

the temperature is, the longer the injection pressure is stable. 

Figure 4. changes of injection point pressure 

in 10 days. 

Figure 5. The edge distribution of CO2 in 

homogeneous strata of different depth. 
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In previous studies, scholars have mostly assumed that the formation is homogeneous strata, and not 

made a note for whether the result can accurately express the change of the actual formation pressure. 

To this end, the injection point pressure of homogeneous and heterogeneous strata in different depth 

are simulated and compared in the study(Figure 3 and Figure 4). From the figure we can see that the 

heterogeneity of the formation has little effect on the pressure of the injection point. In both shallow 

and deep strata, the injection pressure is related to the formation depth, which is not related to the 

heterogeneity of the formation. The deeper the formation is, the greater the pressure of the injection 

point is, and the pressure increases rapidly with time and tends to stabilize to a relatively stable value. 

Due to the influence of geothermal gradient and pressure gradient, the flow characteristics of 

supercritical CO2 in different depth strata will also change. Figure 5 is the saturation distribution 

characteristics of CO2 in the injected layer after injecting 10 days into homogeneous strata of 1000m 

and 2500m depth with the injection rate of 5kg/s respectively. The closed line in the figure is the edge 

of CO2 which is sealed in the strata. As can be seen, under the same conditions of injection rate and 

time, with the increase of the depth, the outer edge of CO2 has increased. Showing that the space 

utilization of the injection layer reduced gradually with the depth increasing. Under the same volume, 

the amount of CO2 stored in the deep reservoir is smaller than that in the shallow reservoir, but the 

injection pressure is larger than that of the latter. Considering the long-term storage of sealing, the 

deep reservoir still has a certain practical application value and advantage. At the same time, because 

of the density difference between formation water and supercritical CO2, the influence of the buoyancy 

effect makes the CO2 distribution shift to the surface direction (Figure 5). This phenomenon also exists 

in the homogeneous formation, but saturation distribution of CO2 are greatly influenced by the 

heterogeneity of porosity. In the larger porosity region, the flow ability is stronger, and then produce 

irregular distribution characteristics, the simulation results will be further discussed in the later study. 

3. Conclusions  

(1)The CO2 injection point pressure is little affected by the heterogeneity of porosity, and the injection 

point pressure is mainly related to the depth of the injection layer, the average porosity, the injection 

rate and formation temperature. 

(2)The viscosity of CO2 has obvious influence on the pressure of the injection point. Therefore , it is 

more consistent with the actual situation of the formation to be characterized by the viscosity equation 

adapted to the local temperature and pressure. 

(3)Due to the existence of the density difference between the supercritical CO2 and the formation 

water, the buoyancy effect makes the CO2 to the surface of the earth's surface, which is great 

significance to grasp the migration and evolution of CO2 after storage. 

(4)At the same injection condition, affected by the geothermal gradient and pressure gradient, 

temperature and pressure in the deep strata are larger, which results in CO2 viscosity decreases, and 

flow ability enhanced. In the deep injection layer, the space utilization rate of CO2 is relatively low, 

and the injection point pressure greatly. But from the point of view of the effect of long-term storage, 

deep formation has certain advantages. 
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Abstract. Propylparaben (PP) is catagorized as endocrine disrupting compounds and is found 

to be present in urban wastewater comparatively at high concentrations. In the present work, 

propylparaben was degraded photo-catalytically by optimizing different process parameters 

such as  initial concentration of propylparaben (25mgL
-1 

to 100 mgL
-1

), pH of the feed phase 

and concentration of photocatalyst TiO2 (50 mgL
-1 

to 200 mgL
-1

). Finally PP degraded and 

converted to CO2 and H2O and the degradation was found to follow the first order kinetics.   

1. Introduction 

The most common techniques are to treat wastewater containing organic dyes, pigments and 

pharmaceutical compounds are classifiable into three main categories i.e. physical (adsorption, 

filtration, and flotation), chemical (coagulation, oxidation, reduction, electrolysis) and biological 

(aerobic, anaerobic degradation). However, due to    the complexity and variety of organic compounds, 

it has become rather difficult to find a unique treatment procedure that covers the actual elimination of 

all toxic organic compounds. Particularly, biochemical oxidation suffers from significant limitations 

since most organic compounds found in the commercial market have been intentionally designed to 

struggle aerobic microbial degradation. Physical processes also have some limitation therefore the 

chemical process should be treated by alternative advanced processes. Photocatalytic degradation 

process is also one of the important advanced oxidation methods. This results in complete 

mineralization of wide range of the recalcitrant or hazardous organic compounds. Recently, it is found 

that parabens are frequently released in urban wastewater comparatively at high concentrations and, 

even with considerably removal of them using conventional treatment methods; they have been still 

identified in river water samples [1]. Hence, the U.S. Environmental Protection Agency has 

considered these compounds as emerging environmental pollutants [2]. From literature it is found that 

numerous articles are available on photocatalytic degradation of different endocrine disrupting 

compounds (Table 1) but very few have studied the photocatalytic degradation of PP using UV/TiO2 

system and that too at lower pollutant concentration.  

So in this study, photocatalytic degradation of PP have been examined by varying the process 

parameters such as initial concentration of propylparaben (25 mgL
-1 

to 100 mgL
-1

), pH of the feed 

phase and concentration of photocatalyst TiO2 (50 mgL
-1 

to 200 mgL
-1

) and kinetic study is also 

performed. 

 

Table 1. Literature review on photocatalytic degradation of endocrine disrupting compounds 

Author pollutant Oxidation condition Remark 
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Alaton and  

Balcioglu  (2001) 

Reactive Black 5 H2O2=10Mm, H2O2/UV-A; pH=4;  COD 62%; TOC 

75% in 2h[3] 

Watanabe et 

al.(2002) 

Bisphenol A pH=3 ; TiO2 90% degradation of 

BPA[4]. 

Katsumata et 

al.(2003) 

Bisphenol A pH=4; Fe(II)=4*10
-5

 mol/L; H2O2 

4*10
-4

 mol/L 

90% degradation in 

36 h[5]. 

 Li et al. (2007) Bisphenol A pH 3-4;Oxalate ; iron oxide 84% removal in 40 

min[6]. 

Yamazaki et 

al.(2008) 

4 tert-octyl phenol K2S2O8=2*10
-2

mol dm
-3

; TiO2 peroxy 

disulphate 

83.2% degradation in 

 6 h[7]. 

Bledzka et al.(2010) n-butyl paraben 

&4 tert-octyl 

phenol 

pH=7; H2O2=0.01M; H2O2/UV 90% degradation 

[8] 

Yanlin et al.(2012) 4 tert-octyl phenol pH=4.5; TiO2 precursor sol 13.6% ; 

TiO2 

90% degradation in 

30 min[9]. 

Huange et al.(2012) Bisphenol A  Neutral pH; Fe(III)- ethylene diamine 

N,N’-di succinic acid (EDDS) =0.1mM 

with 1mM of H2O2;  

Complete 

degradation in 

oxygen saturated 

solution[10]. 

Yanlin et al.(2013) 4 tertoctyl phenol pH=3.5; Fe(III)=3*10
-4

 mol/L 80%degradation in 

60 min[11]. 

Osarumwense et al. 

(2015) 

Phenol in aqueous 

solution  

Periwinkle shell ash (PSA) as 

photocatalyst. 

90% degradation[12] 

Hurtado et al. 

(2016) 

phenol and 4-

chlorophenol (4-

CP) 

coupled electro-oxidation/ozonation > 

electro-Fenton-like process > photo-

Fenton process > heterogeneous 

photocatalysis  

Comparison of 

different treatment 

processes[13] 

2. Experimental Procedure  

2.1. Materials and Method  

Propylparaben (LOBA Chemie), silver nitrate (Sigma Aldrich) and TiO2 (Finar) were purchased and 

used without further purification. All other chemicals HCl, NaOH, H2O2 used were of analytical grade. 

All the solutions were prepared in demineralized water. Calibration curve was plotted using 2 to 10 

mg/L propylparaben (at 256 nm wavelength) solution on the UV-Vis spectrophotometer (HACH, 

Germany) to determine the rate of the degradation  

2.2. Experimental Procedure 

All experiments were performed in a batch reactor. The reactor was cylindrical with 150 ml volume 

and made of quartz glass for the transfer of the radiation. Irradiation was achieved by using UV lamp 

of 125 W (medium pressure lamp) which was immersed in the glass tube surrounded by cooling water 

jacket to maintain reactor temperature. The reaction chamber, between the reactor walls and UV lamp, 

was filled with the reaction mixture. Mixing was accomplished using air bubbler to keep the 

photocatalyst in suspension. 
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2.3. Mechanism of Photocatalytic Reaction 

TiO2 is used as photocatalyst to make the degradation process faster as TiO2 is a semiconductor and act 

as an oxidizing agent. There are many oxidizing agents like hydrogen peroxide, magnesium peroxide, 

fluorine, potassium bromide etc. but in most of the research work, TiO2 was used as photocatalyst 

because it produces of OH
•
 at a faster rate than other photocatalysts. When photo catalyst TiO2 

captures UV radiation from sunlight or illuminated light source (fluorescent lamps), the electron of the 

valance band of TiO2 becomes excited. The excess energy of this excited electron of TiO2 promotes 

the electron from valence band to the conduction band. So negative electron and positive hole are 

formed. The energy difference between valence band and conduction band is known as band gap 

energy. The positive hole of TiO2 breaks apart the hydrogen molecule to form hydrogen gas and 

hydroxyl radical. The negative electron reacts with oxygen molecule to form super oxide anion. This 

cycle continues until sunlight or illuminated light source is available [14]. 

Photocatalytic reaction with TiO2 photocatalyst occurs as follows [15] 

On the TiO2 oxidizing agent absorption of photon energy in the form of UV light occurs and then 

electron-hole pair formation takes placed. 

         TiO2 + hv → TiO2
- 
+ OH

•
 (Or TiO2

+
) 

        Produce extremely reactive but short lived hydroxyl radical (OH
•
) by hole trapping.  

         H
+
 + H2O   → OH

•
 + H

+
 

         Surface reaction i.e. oxidation reaction of the pollutant molecules under UV light to produce  

         carbon dioxide and water. 

         OH
•
 + O2 + CxOyH (2x-2y+2)   → xCO2 + (x-y+1) H2O 

  Radical recombination (energized holes and electrons can recombine)  

  TiO2
- 
+ OH

• 
+ H

+
 → TiO2 + H2O (recombination) 

3. Results and Discussions 

3.1. Effect of pH on Feed Phase  

The photocatalytic degradation of PP was carried out at different pH at 4, 6, 8 and 10. Maximum 

degradation was observed at pH 8. It was observed that the slight basic pH of feed phase was 

favourable for degradation of propylparaben while the acidic pH was not favourable. Figure 1, shows 

degradation rate decreased at acidic pH because, in acidic phase, the formation of OH
• 
radicals may be 

too fast. It is noticed that the optimum results was found out at pH 8. Thus, all the remaining 

experiments were conducted at pH 8 and further evaluation were considered on same basis. 

3.2. Effect of TiO2 loading 

The photocatalytic degradation of PP was carried out at different concentration of TiO2 (50-200 mg/L). 

Concentration of PP was kept 100 mg/L in the feed solution (Figure 2). Maximum degradation 

(58.39%) was observed at 50 mg/L of TiO2. It might be due to UV light falls on the solution resulting 

into generation of sufficient number photons and electrons by UV light during the degradation reaction 

but thereafter with further increase in catalyst loading the degradation rate starts declining due to the 

screening effect of suspended TiO2 present in the feed solution. 
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Figure 1. Effect of feed phase pH 

 

Figure 2. Effect of TiO2 concentration 

3.3. Effect of initial concentration of PP in feed phase 

The degradation of PP was studied at 25, 50, 75 and 100 mg/L. It is found that as concentration of 

propylparaben solution increases, the rate of degradation decreases and 25 ppm of PP solution showed 

maximum 85.2 % degradation in 4h whereas degradation of 100 ppm solution was only 58.39%. 

Actually there was not enough dosage of TiO2 to provide active radicals for the degradation of PP at 
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higher initial concentration which also led to formation of more by- products, which might absorb 

some photons or consumed additional active radicals and decreased degradation rate.  

3.4. Kinetic Study 

Degradation kinetics was studied using 50 ppm TiO2 concentration and 25 ppm PP solution as feed.  

 

ln (C/C0 ) = - kt 

Plot of ln (C/C0) vs. time was plotted (not shown). It was observed that degradation followed first 

order kinetics and average rate constant value was found to be  k = 3.31×10
-4

 s
-1

.  

3.5. Energy Consumption 

Major cost of degradation process is the electrical and chemical cost. For photocatalytic degradation 

energy consumption was calculated by this equation 

 

Daily consumption (kWh) = Wattage x hours used per day/1000 

 

The evaluation of energy consumption was calculated for 100% degradation. Time taken for 100% 

degradation was substituted in the above equation to calculate daily consumption of the power, which 

was found to be 2-3 kWh, quite cheaper than other advanced treatment technique 

4. Conclusion 

This study showed that photocatalytic degradation process was strongly pH dependent. Process 

efficiency of photocatalytic degradation also depends on feed concentration, dosing amount of the 

TiO2 photocatalyst. Using 50 ppm TiO2 photocatalyst, 25 ppm of PP showed maximum 85.2 % 

degradation in 4h whereas degradation of 100 ppm solution was only 58.39%. Comparing energy 

consumption with other advanced treatment technique, it was observed that photocatalytic degradation 

is more economical than other processes.  
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Abstract. Public places can have an unknown past of pollutants deposition. The exposition to 

such contaminants can create environmental and health issues. The characterization of a former 

firing range in Athens, Greece will allow its monitoring and encourage its remediation. This 

study is focused on Pb contamination in the site due to its presence in ammunition. A dense 

sampling design with 91 location (10 m apart) was used to determine the spatial distribution of 

the element in the surface soil of the study area. Duplicates samples were also collected one 

meter apart from 8 random locations to estimate the heterogeneity of the site. Elemental 

concentrations were measured using a portable XRF device after simple sample 

homogenization in the field. Robust Analysis of Variance showed that the contributions to the 

total variance were 11% from sampling, 1% analytical, and 88% geochemical; reflecting the 

suitability of the technique. Moreover, the extended random uncertainty relative to the mean 

concentration was 91.5%; confirming the high heterogeneity of the site.  Statistical analysis 

defined a very high contamination in the area yielding to suggest the need for more in-depth 

analysis of other contaminants and possible health risks. 

1.  Introduction 

Bullet cores typically used in firing ranges are made mainly of Pb, which is a known pollutant with 

many effects on human health. Firing ranges, on the other hand, have shown high concentrations of 

different trace elements across the globe [1]–[3]. A threat to human health might be created when such 

firing ranges become restored and available for public use.  

Characterizing a site allows to determine the extent and distribution of a suspected contamination in 

order to define its features e.g. concentration values, spatial distribution, heterogeneity. A proper 

characterization requires a sampling design that covers the study area as much as possible [4]. 

Likewise, the spatial heterogeneity of a contaminant in the soil allows to suggest its natural or 

anthropogenic nature through analyzing the uncertainty of measurements i.e. elements with low 

variability tend to have natural background concentrations. This can be achieved by estimating the 

uncertainty empirically from sampling using randomized replicated experiments [5].  

A recent technique used for measuring metals in soils and sediments is portable X-ray fluorescence 

(XRF). This technique has the advantages of scrutinizing the measurements immediately, good 

detection limits, lower costs of analysis, and keeping an intact sample [6]. Approaches using portable 

XRF have been applied to soils, sediments, pollution variability, and elemental contamination through 

cities, among others [7]–[10]. This way, characterizing Pb using portable XRF appears as feasible and 

necessary. 
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In this paper, a case study is presented on a former firing range in Athens, Greece. The main focus is 

the analysis of Pb due to its presence in ammunition. The main objective of this work is to present the 

spatial distribution of the heavy metal and discuss its heterogeneity characteristics in order to propose 

its nature. To reach this aim, data from site investigation at an urban park in Athens is used. This type 

of preliminary site studies are of great help to perform subsequent environmental site assessments. 

2.  Methodology 

2.1.  Site Description 

The study area is a public place located in the Skopeftirio Park of the Municipality of Kesariani, in 

Athens, Greece (see Figure 1). The area of the park is ~0.7 km
2
, which is mainly covered by 

coniferous trees and grass. The history of the park began in the 1940’s when it was used an execution 

place and years later when it was used for military purposes. During the 1980’s, the same area was 

used as a shooting range for recreation. Nowadays, it is a historical monument of the city and many 

people gather around the area for leisure. Along the years, some areas have been modified and others, 

such as the one here studied, remain intact. 

2.2.  Instrumentation 

Experiments were performed using reagent-grade chemicals and deionized water. Certified reference 

materials (CRMs) were obtained from NIST® and AccuStandards®. Blank samples consisted of clean 

silica sand. Portable XRF analysis was carried out using an Olympus Delta Premium 6000 device. 

2.3.  Sampling 

The study area consists of ~0.9 ha. International regulations suggest that such extension can be 

characterized using a minimum of 10 samples [11]–[14]. However, international guidelines include the 

preparation of the sample and the use of an analytical technique to define the concentrations of the 

trace elements. This way, the present study follows a sampling design through a regular grid with 10 

m square size, reaching 91 sampling points (see Figure 1). 

 

 

Figure 1. Locations of 91 sampling points for the study area. Sampling locations in red, additional 

duplicates in yellow. Referenced on the field with a GPS and long measuring tape. Maps data ©2016 

Google. 

2.4.  Analysis by Portable XRF 

Reading time for analysis was 90 s to quantify the target element Pb [15]. Calibration of the portable 

XRF device was held using CRMs: NIST® 2710, NIST® 2711a, AccuStandard® CRM025-050, and 
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AccuStandard® CRM023-050. CRMs and a blank sample were read repeatedly before and after the 

analysis of the soil samples every day. Measurements were taken during the first trimester of 2016. 

Soil samples were collected with a spatula to dig through superficial soil. Any vegetation, gravel or 

debris was removed. An amount of ~400 g was placed in a polypropylene bag and labeled according 

to the sampling design. Each sample was homogenized by stirring and rotating the sample. Finally, a 

flat layer was formed and the analyzer was placed on top of the bag. All the tools were cleaned with 

distilled water in between analyzes to avoid contamination. 

2.5.  Data Analysis 

Data obtained was summarized using mean values, medians, and standard deviations. Calculations 

were performed using Minitab®. Precision for the portable XRF analysis was estimated by measuring 

CRMs and calculating the relative standard deviation (RSD). Accuracy of the portable XRF analysis 

was done by reading CRMs repeatedly [15]. Moreover, in order to perform uncertainty analysis, eight 

duplicates were collected one meter away from random sampling locations (see Figure 2). Robust 

ANOVA was applied to the duplicated samples and thus the sampling precision, analytical precision, 

and geochemical precision were estimated using software package ROBAN from the (UK) Royal 

Society of Chemistry [16]. Finally, the extended random uncertainty relative to the mean 

concentration was calculated for Pb using equation (1) for 95% confidence, where smeas is the 

measurement variance and x is the mean. 

 

Ur% = 200 smeas / x     (1) 

3.  Results and Discussion 

Measurements of Pb concentrations in soil samples with a portable XRF device yielded the following 

results: RSD values ranged from 1 to 2% and mean recoveries were ~110%. Quality control 

procedures were followed in order to perform the statistical interpretation of the data. The frequency 

distribution for the concentrations followed a log-normal distribution. Pb values are positively skewed 

and are generally very high with a mean of more than 2,000 ppm, as can be seen in Table 1. A high 

variability can be readily seen as the standard deviation and coefficient of variation are also very high. 

 

 

Figure 2. Scheme of duplicate sampling for uncertainty analysis. Modified from Argyraki and 

Petrakaki [5]. 

 

Table 1. Descriptive statistics for Pb based on 

91 samples from the study area. 

Statistic Concentration (ppm) 

Mean 2,021 

Median 649 

Standard Deviation 3,606 

Skewness 3.725 

Minimum 12.5 
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Maximum 24,824 

CV 1.78 

SE 378 

 

The nested and duplicate sampling design (see Figure 2) was used in order to estimate the random 

measurement error for Pb. Sampling and analytical quality control was also applied. Table 2 shows the 

concentrations used in Robust Analysis of Variance applied to the Pb sampling and analytical 

duplicate samples in order to estimate the percentage of the total variance that can be attributed to the 

geochemical variance, sampling variance, and analytical variance. Such proportions were calculated 

and displayed in pie charts (see Figure 3). As shown in Table 2, the analytical variance (<1% of total 

variance) is lower than the maximum reference value of 4%. Similarly, the sampling variance (~11% 

of total variance) is lower than the reference value of 20% [17]. Both reference values work as a guide 

for an acceptable spatial interpretation of the element distribution. Finally, it can be noted that the high 

geochemical variance (~88%) is the main component of the total variance, which in turn will lead to a 

high degree of uncertainty. In fact, the extended random uncertainty relative to the mean concentration 

was calculated as 91.5%. This suggests that the nature of the trace element is indeed anthropogenic 

It has been thought that Pb is only present in small spots across the study area [5],[18], however, it has 

been demonstrated that the contamination of the soil is extremely high and widespread. The dispersion 

of the element in the media, mainly due to erosion, is present in spots bigger than tens of meters wide. 

A very dense sampling design has been very useful to determine the distribution of a contaminant with 

such a high heterogeneity. It can also be stated that a very low level of analytical variance indicates 

that chemical analysis is not a source of error during the process and hence that the portable XRF 

device appears to be suitable for geochemical analysis in this case. 

 

Table 2. Concentrations (ppm) of Pb according to the duplicate scheme from Figure 2 

and results of Robust Analysis of Variance 

Sample Analysis 1.1 Analysis 1.2 Analysis 2.1 Analysis 2.2 

C2 23,049 23,034 25,452 25,467 

D4 2,445 2,433 1,067 1,069 

D7 2,248 2,219 2,316 2,312 

F5 8,020 8,097 6,976 6,963 

F7 174 169 59 57 

H3 1,629 1,641 176 180 

H8 21 24.1 200 197 

J9 24.7 24.9 301 292 

K11 43.9 45.0 25.2 22.2 

Robust ANOVA Between target Sampling Analysis Measurement 

  Std. deviation 2085.8 747.3 7.5 747.3 

  % of total var. 88.6 11.3 0.0 11.3 
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Figure 3. Sampling, analysis, and geochemical proportions of total variance for Pb using Robust 

ANOVA showing the relative importance of measurement errors. 

 

The concentrations obtained and calculations performed allow to witness a realistic spatial 

interpretation of Pb across the study area. However, the high level and wide range of concentrations 

measured suggest that verifying some measurements can be useful. In this instance, the preparation of 

the sample and subsequent analysis using a traditional analytical technique will allow to compare and 

contrast the accuracy of the portable XRF technique. Likewise, a human health risk analysis will allow 

to determine the degree of risk to which the population is exposed by using the public area here 

studied. 

4.  Conclusion 

A public space from Athens, Greece has been characterized for Pb contamination using a portable 

XRF device. A 10 m square grid used in this survey proved to be suitable to characterize Pb 

contamination using a 20% criterion. Robust Analysis of Variance performed over a nested design of 

sampling and analytical duplicates has allowed the determination of the uncertainty of the contaminant 

in the field. High Pb concentrations with high spatial heterogeneity have been reported. Results 

regarding Pb contamination will hopefully yield concerns for further studies. 
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Abstract. The Brazilian paper industry has competitive advantages offered by the favorable 

climate, which favors an increase in the yield of forest restoration, and consequently, in the 

productive process. On the other hand, following the greenhouse gases (GHG), we can see our 

constantly changing sun, causing the solar storms, allowing their prevention or mitigating 

measures. The objective of this work is to contribute to the construction of the understanding 

necessary for the reduction of GHG emission from a preliminary analysis of the pulp and paper 

sector. As a secondary objective, the text preliminarily analyzes a company's behavior against 

the backdrop of the Paris Accord, which strengthens the global response to the threat of climate 

change and strengthens the capacity of countries to deal with the impacts of such changes. The 

identification of best practices in the pulp and paper industry is understood, focusing on 

environmental sustainability, such as the adoption of reforestation, obtaining significant results. 

In the case of the paper industry, the management of public forests for sustainable production, 

within the structure of the Ministry of the Environment, establishes the promotion of public 

awareness about the importance of conservation, recovery and sustainable management of 

forest resources. 

1. Introduction 

Paper is considered the main support for the diffusion of writing, information and all human 

knowledge. Before the discovery of paper, man used the most different materials for the record of his 

existence, such as leaves, bark, leather, cloths, stones, clay and metals. The paper appeared in China at 

the beginning of the second century, invented by T'SaiLum, an officer of the Court who would have 

fabricated the paper from the cortex of plants, old textiles and fragments of fishing nets. [1]. 

The company Fibria was chosen for the job, as a potentially polluting company, we will analyze the 

Environmental Performance Index (IDA), which is a tool that evaluates the quality of the processes in 
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the industry through indicators such as pollution prevention and control and environmental 

management, verifying that it is actually meeting the Forest Code with the restoration in the field. 

This work has as objective: 

1. Contribute to the construction of the understanding necessary for the reduction of greenhouse gas 

emissions (GHG) from the pulp and paper sector. 

2. Preliminary analysis of the behavior of a company against the scenario indicated by the Paris 

Agreement. 

Part of the solar energy that comes to the planet is reflected directly back into space, reaching the top 

of the Earth's atmosphere, and part is absorbed by the oceans and the Earth's surface, promoting its 

heating. A portion of this heat is radiated back into space, but is blocked by the presence of 

greenhouse gases that, despite passing energy from the Sun (emitted at smaller wavelengths), are 

opaque to terrestrial radiation emitted in larger Wavelengths. This difference in wavelengths is due to 

differences in the temperatures of the Sun and the Earth's surface. 

The presence of these gases in the atmosphere makes it habitable, because if they did not exist 

naturally, the average temperature of the planet would be very low, on the order of minus 18°C. The 

energy exchange between the surface and the atmosphere maintains the current conditions, which 

provide an average global temperature near the surface of 14ºC. [2]. 

Our ever-changing sun releases solar material into space. The grandest events are massive clouds 

emerging from the sun, called coronal mass ejections (CME). These solar storms come first with some 

kind of warning - the flash of a bright flash, a blast of heat or a flood of solar energy particles. But 

another kind of storm has puzzled scientists for their lack of typical warning signs: They seem to come 

out of nowhere, and scientists call it a stealthy CME. [3].  

To discover the origins of stealthy CME, scientists have developed a model of the sun's magnetic 

fields, simulating its strength and motion in the sun's atmosphere. Central to the model was the 

differential rotation of the sun, which means different points about the sun rotating at different speeds. 

Unlike the Earth, which rotates like a solid body, the sun rotates faster at the equator than at its poles. 

[3]. 

Earth's magnetosphere is created by our magnetic field and protects us from most of the particles the 

sun emits, these solar eruptions are difficult to predict and may interact with space weather effects. 

Space time studies provide us with the ability to predict events and conditions in the Sun and near 

Earth, preceding precision to allow for prevention or mitigating measures to be taken. 

The results of global assessments of the Third Assessment Report (TAR) of the Intergovernmental 

Panel on Climate Change (IPCC 2001) Working Group 2 (WG2) on impacts, adaptation and 

vulnerability to climate change at the regional level can be summarized as follows: ) Recent climate 

changes, especially rising temperatures, are already affecting physical systems (climate, water 

resources) and biological systems (ecosystems, human health, cities, industries); B) Preliminary 

indicators exist that some human systems have already been affected by drought or floods; C) Natural 

systems are vulnerable to climate change, and some will be irreversibly damaged; D) Those with less 

resources and less able to adapt are the most vulnerable. [4]. 

Although Brazil's contribution to the global concentration of greenhouse gases is lower than that of the 

industrialized countries, and contribution due to fires (smoke and aerosols) are quite high. Projections 

of climate models allow the generation of climate scenarios in the future, but it does not yet 

distinguish or separate the effects of natural climate and man-induced variability. [4]. 

The Brazilian Association of Trees (IBÁ) identified growth in its volume of exports of the three 

segments analyzed, ie pulp, wood panels and paper, compared to the same period of the year 2015. 

IBÁ identified a positive result, Which is reflected in the trade balance of the forestry sector, which 

reached US $ 6 billion, representing growth of 2.3%. [5]. 

In the same period, Brazilian pulp production reached 17.1 million tons and paper pulp 9.5 million 

tons. The main destinations for Brazilian exports of paper and wood panels are Latin American 

countries. In the case of Brazilian pulp, the largest importing country in 2016 was China. [5] 

 Brazilian pulp production rose 4.8% in January 2017 over the same period in 2016 to 1,665 million 

tons, with exports of the raw material rising 47.4% in the same comparison. Sales of wood panels in 

the country, an important input for civil construction, rose by 7.6% in January from 1 year earlier, to 
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508,000 m³. Paper production in January fell 0.5% from a year earlier to 862,000 tonnes, with 

domestic sales falling 4.9% in the same period to 424,000 tonnes. [6]. 

Based on these data, we can observe the growth of the Gross Domestic Product - Brazilian GDP, 

together with the GHG, in evidence the carbon due to the materials used, the association of the 

industries has great potential to contribute to the positive interferences to the climatic changes, seeking 

to exploit this market for a low carbon economy. 

2. Comparison between Brazilian Production and that of Other Countries 

Currently, the most used vegetable raw material in papermaking is wood, although others may also be 

used. These raw materials are now processed chemically or mechanically, or by a combination of the 

two modes, generating as a product what is called cellulosic pulp, which can be further bleached if a 

white pulp is desired. The cellulosic pulp is composed of the cellulosic fibers improving the bond 

between them, after undergoing a thinner purification to separate the existing sands in the pulp. Finally, 

the pulp is bleached with chlorine or peroxide compound following to the papermaking machines. [7].  

China and the United States, despite being the largest producers, do not produce enough to meet 

domestic demand. Brazil is in 4th place among the world's largest pulp producers, is expected to climb 

to third place, surpassing Canada in the next six years, according to the plan to expand production in 

the country. [8]. (see Table 1) 

 

Table 1.The 10 largest pulp producers in the world. 

Position Country production 

1º United States 18. 308 tonnes 

2º China 19.542 tonnes 

3º Canada 18. 308 tonnes 

4º Brazil 13.922 tonnes 

5º Sweden 11.859 tonnes 

6º Finland 10.363 tonnes 

7º Japan 9.020 tonnes 

8º Russia 7.453 tonnes 

9º Indonesia 6.805 tonnes 

10º Chile 4.876 tonnes 

Source: (Lairtes Chaves, 2012) 
 

Table 2. In 2012, the 10 largest countries that emit greenhouse gases account for more than two-thirds 

of total global emissions. [9]. (see Table 2) 

Position Country Production % 

1º China 10.684.29 MT CO2e 22.44% 

2º United States 5.822.87 MT CO2e 12.23% 

3º European Union 4.122.64 MT CO2e 8.66% 

4º India 2.887.08 MT CO2e 6.06% 

5º Russia 2.254.47 MT CO2e 4.73% 

6º Indonesia 1.981 MT CO2e 4.16% 

7º Brazil 1.823.15 MT CO2e 3.83% 
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8º Japan 1.207.30 MT CO2e 2.53% 

9º Canada 856.28 MT CO2e 1.79% 

10º Mexico 748.91 MT CO2e 1.57% 

Source: (Johannes Friedrich, Mengpin Ge and Thomas Damassa, 2015).  

3. From the Paper Industry, from the Brazilian Industrial Park 

Brazil is the first producer of e pinus eucalyptus pulp, where sanitary products are manufactured: toilet 

paper, disposable diapers, absorbents and napkins, among other related items, called short fiber pulp. 

The favorable climate had a great role in the development of the national tree engineering, and with 

that, the high forest yield of Brazil added to the exchange advantage. [10].  

The 2010 greenhouse gas inventory of Brazil shows that the total amount of carbon dioxide (CO2) 

launched by the country is reduced by 50% between 2005 (previous inventory) and 2010, from 2.73 

billion tons of CO2 to 1.27 billion tonnes. By the calculation, in 2005, when deforestation in Brazil 

was at its peak, 2.73 billion tons of CO2 were emitted, in the second inventory 2.1 billion tons of CO2 

were accounted for. In 2005 it was the base year used by the government to propose greenhouse gas 

emission reduction targets submitted to the Paris Agreement. [11]. 

Paper and pulp companies should be oriented towards a production with sustainability in the economic, 

environmental and social aspects that need to interact as a whole, to guarantee the permanence of the 

business, without compromising the environment. [12]. 

The Agreement recognizes that climate change is a common concern of mankind and requires broad 

cooperation from all countries to accelerate the reduction of global GHG emissions. To contribute to 

the mitigation of GHG emissions and sustainable development, it shall establish under the authority, 

guidance and meeting of the Conference of the Parties to the Paris Agreement its supervision. 

The Paris Agreement was approved by the 195 UNFCCC Party to reduce greenhouse gas (GHG) 

emissions in the context of sustainable development. To strengthen the implementation of the 

Convention, including its objective, which aims to strengthen the global response to the threat of 

climate change. The commitment is to maintain the overall average temperature increase below 2°C 

above pre-industrial levels and to make efforts to limit this temperature increase to 1,5°C in relation to 

pre-industrial levels, That this would significantly reduce the risks and impacts of climate change. [13]. 

After approval by the National Congress, Brazil concluded, on September 12, 2016, the process of 

ratification of the Paris Agreement. On September 21, the instrument was delivered to the United 

Nations. As a result, Brazilian targets were no longer intended and became official commitments. Now, 

therefore, the acronym has lost the letter "i" (from English, intended) and is now called the NDC only. 

[13]. 

4. Company Studied Fibria 

The planted trees sector will play a key role in the goals of the Paris Agreement, the Brazilian 

partnership becomes part of the agreement, which sets the commitment for low carbon emissions, 

Brazil becomes the third major issuer to confirm the participation of the treaty. 

The Fibria company is part of this sector together with IBÁ, the solution passes through planted 

forests, with a 100% renewable base, it is estimated that the mitigation potential of the effects of 

climate change is directly proportional to the capacity of creation and use of mechanisms in the 

Carbon market, together with integrated and coordinated public policies. 

With the Forest Code, the company becomes a producer of renewable and sustainable forests, 

developed for the production of pulp and paper. The results are expected as a result of the possibility 

of evaluating the identification and management of its operation risks, its aspects and impacts to the 

environment Environment, society, health and safety of professionals and the quality of its products 

and services. The company has developed a prevention strategy aligned with the recommendations of 

the Kyoto Protocol, the UN Conference of the Parties (COPs) and the National Policy on Climate 

Change, among other forums. 
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The IDSA is the tool that the company uses to identify good practices and fragilities related to the 

socio-environmental performance of the Forest area, promoting maintenance and joint improvements 

through the interaction of the environment with the operational areas. 

Seeking to anticipate and address the legitimate concerns of stakeholders before requiring costly 

mitigation measures. Identifying environmental or social improvements in forest management, pulp 

production and logistics that also provide financial gains. Anticipating as much as possible potential 

issues and risks, gaining time for planning and financing (important in the pulp industry) when 

changes are needed. [14].  

By making use of the treaty signed with the Paris Agreement with Brazil, the company undertakes to: 

1. Publish annually the inventory of emissions of greenhouse gases (GHG) of companies, as well as 

actions for mitigation of emissions and adaptation to climate change. 

2. Include as strategic orientation in the investment decision-making process the choice of options that 

promote the reduction of GHG emissions in processes, products and services. 

3. Seek the continuous reduction of specific GHG emissions and the net balance of CO2 emissions of 

companies through actions to directly reduce emissions in production processes, investments in carbon 

capture and sequestration and / or support for reduction actions Emissions from deforestation and 

degradation. [15]. 

5. Gas Control Legislation 

With a production capacity of 5.3 million tons per year, the company has industrial units located in 

Aracruz (ES), Jacareí (SP) and Três Lagoas (MS), in addition to Eunápolis (BA), where Veracel 

maintains joint- Operation with Stora Enso. The company has 969 thousand hectares of forests, 568 

thousand ha of planted forests, 338 thousand ha of preservation and environmental conservation areas 

and 63 thousand ha for other uses. The pulp produced by Fibria is exported to more than 40 countries. 

[16]. 

Brazilian environmental legislation is quite sophisticated and old, we can highlight Law 6.938 of 

August 31, 1981, which establishes the National Environmental Policy (PNMA) and Decree No. 

99,274 of June 6, 1990, which regulates it. Among the guidelines established by it are: The 

establishment of environmental quality standards; The assessment of environmental impacts; and The 

licensing of polluting activities. 

Established by Law No. 12,187 of December 29, 2009, the National Policy on Climate Change 

(PNMC) establishes its principles, objectives, guidelines and instruments. 

State Law No. 13,798 of November 9, 2009, the State Policy on Climate Change - PEMC, regulated 

by State Decree No. 55,947, of June 24, 2010, is in line with the UN Climate Convention and the 

National Policy on Climate Change. Climate Change. 

The National Plan for Adaptation to Climate Change, as established by Ordinance No. 150 of May 10, 

2016, is coordinated by the Technical Adaptation Group, created with the function of providing 

technical and political guidance for actions under this Plan, Monitor it, evaluate it and review it, as 

well as establish the detailed routines and operational mechanisms for its management. [17]. 

Law No. 11,284 of March 2, 2006, the Public Forest Management Law, which provides for the 

management of public forests for sustainable production, establishes the Brazilian Forest Service 

(SFB), within the structure of the Ministry of the Environment, and creates the National Forest 

Development Fund (FNDF). Article 2 establishes the principles of public forest management, which 

may mention the protection of ecosystems, soil, water, biodiversity and associated cultural values; 

Promotion of local processing and encouragement of increased value added to forest products and 

services as well as industrial diversification, technological development, use and capacity building of 

local entrepreneurs and regional labor; The promotion of awareness and the promotion of public 

awareness about the importance of conservation, recovery and sustainable management of forest 

resources. 

The Forest Code, reformulated in October 2012, establishes general norms on vegetation protection, 

Permanent Preservation areas and Legal Reserve areas; Logging, supply of forest raw materials, 

control of the origin of forest products and control and prevention of forest fires, and provides 

economic and financial instruments to achieve its objectives. 
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Subak [18], evaluated the pulp and paper industry worldwide, considering the pulp and paper 

production process from the removal of wood from the forest to the final disposal in landfills. Fiber 

supply depends on trees, papermaking requires fuel inputs and paper waste disposal can contribute to 

greenhouse gas (GHG) and methane (CH4) emissions, a GHG is twenty times more potent than Or 

CO2. 

The authors conclude that overall the sector emits around 460 million tonnes of CO2 equivalent, more 

than is fixed by the growth of forests, it is estimated that the contribution to global warming of landfill 

paper is similar to that of [18], as the most significant in the sector's emissions balance, which has 

achieved important advances in the mitigation of emissions from energy use and biomass disposal, [18] 

has changed considerably and the results need to be updated to clearly assess the positioning of the 

Brazilian pulp and paper sector in relation to the current global scenario, but the comparison with the 

reality of a decade ago is Useful in assessing the correctness and opportunities for improvement that 

still exist in the sector in relation to GHG mitigation. 

Regarding the forest base, the practices adopted with success were the investments in the development 

of technologies that allowed to reach records of productivity of wood with the use of the natural 

potentialities of the country. The role of the most recognized forest certification, the Forest 

Stewardship Council (FSC) and the National Forest Certification Program (Cerflor), endorsed by the 

International Program for the Endorsement of Forest Certification Systems (PEFC), should be 

highlighted here. Of the total hectares of trees planted in Brazil, 58% are certified by these entities. 

[19]. 

In face of the legislation and norms evaluated, the concern with the environment is identified not only 

in the present but also in the future. Laws were created to improve resources, certifying companies 

with sustainable policies, with the Paris Agreement, the partnership with the countries with the same 

objective was evident, with no measures to be put into practice. 

With respect to the generation of GEE, two models prevail that describes the subject, the first one: 

says to be good for providing conditions for the development of life, through nitrous oxide giving life 

to the planet. The second against says the first, informing about its impacts on climate change, in the 

physical, biological scopes. Each author has a different view of the other not agreeing with the 

presented parameters, the important thing is to be aware of the aspects and impacts, so that they are 

controlled. 

Adopting the perspectives regarding the sustainability of the processes, the economic, environmental 

and social fields are naturally adopted, interacting so as not to compromise the environment, the paper 

and pulp companies can guarantee the continuity of the process. 

In the observed analysis of the company, it is being structured so that the program of reduction of the 

impacts of climate change, through actions that cover the entire product life cycle, expects to sensitize 

its partners to the theme and achieve positive results for the environment. 

With its increase in forest areas, by doubling the carbon absorption of the atmosphere, restoring 

degraded areas with native species, collaborating with social and environmental responsibilities, 

producing its raw material, performing integrated management of standards, managing its risks 

Operation. Seeking to anticipate and address the legitimate concerns of stakeholders before requiring 

costly mitigation measures. 

6. Conclusion 

Based on information provided by the Brazilian Tree Industry (IBÁ), the pulp, paper and paper artifact 

industries have different configurations and evolutions in the Brazilian economy. 

Considering the opportunities for expansion of planted and native forests, the carbon market becomes 

capable of economically enhancing climatic benefits, combating climate change becomes possible, 

together with public policies, that will put into practice the fundamentals and principles To ease, as we 

have followed the evolution of the effect of GHG. 

We can see our constantly changing sun causing solar storms, with monitoring constantly being made 

possible its prevention or mitigating measures. 

According to the evaluations carried out, Fibria developed a prevention strategy in line with the 

recommendations of the Kyoto Protocol, the UN Conference of the Parties (COPs) and the National 
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Policy on Climate Change, among others, using the IDA that identifies good Practices and weaknesses 

related to the socio-environmental performance of the Forest area and promoting maintenance and 

improvements. 

The company undertakes to publish its annual inventory of GHG emissions, mitigating its internal 

processes such as: conservation importance, recovery and sustainable management of forest resources, 

protection of vegetation, fauna, flora, Permanent Preservation areas and Legal Reserve areas, control 

of the forest exploitation taking advantage of new business opportunities and increasing its 

competitiveness. 

Including strategic guidelines in the GHG processes and services, maintain the search for continuous 

reduction of specific GHG emissions and the net balance of CO2 emissions of companies through 

actions of direct reduction of emissions in production processes and services. 

To reduce GHG emissions, the GHG is committed to meeting the growing global demand for forest 

products, the Paris Agreement, contributing to global efforts by monitoring, evaluating and reviewing 

for integrated management. 
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Abstract. The insecticide usage in commercially grown asiatic pennywort plantations in 

Nakhonpatum and Nonthaburi province,Thailand was surveyed during January-June, 2016.   

The results showed that  asiatic pennywort cuttworms was leaf destructive and caused the most 

damge to the production.  The growers used organophosphate insecticides to control the 

caterpillars the most, followed by pyrethoid, abamectin, carbamate and organochlorine, 

respectively. The chemical contaminants of pennywort from 9 fresh markets in Bangkok was 

monitored, the result indicated that lead was not detected in the samples.  The amount of 

arsenic was less than 0.075 mg / kg. The insecticide residue measurement  of dicofol, 

chlorpyrifos and methidathion was 89.0, 4902 and 8920 mg / kg, respectively. 

1. Introduction 

Asiatic pennywort is health benefit and has been used for various treatment. The major problem for 

pennywort production for local consumption and export is damage and destruction caused by 

cutworms (Zonoplusia ochreata Walker). The sizes of these insect populations vary with seasons and 

cultivated areas. Infestation of common cutworm causes considerable decrease in pennywort 

production [1]. 

Insect pest control by insecticide is the most widely used for control method, producing quick and 

clear results, but chemicals have a huge impact on ecosystem and destroy natural enemies of insect 

pests.  Up to 33% of pennywort from markets was pesticide contaminated and was recorded the most 

contaminated vegetable among samples[2]. Thai Department of Agriculture banned pennywort 

production from export due to a residue problem in 2011.  

2. Material and Methods 

2.1. Questionaire Survey of Insecticide Usage 

The questonaire survey was conducted to interview growers of commercialy grown Asiatic pennywort 

from Nakhonpatom and Nonthaburi province. The growers were randomly selected for the 

participation at 30 persons from each province to achieve the information on pest problems and 

insecticide usage.   

2.2. Lead and Arsenic Analysis 

Asiatic pennywort sample was collected from 9 location of fresh markets in Bangkok.  The sample of 

3 g of powdered pennywort was digested with nitric acid till the solution was clear and measured. 

Determination of heavy metals (official method 986.15 for arsenic and official method 999.10 for lead 

by ICP-MS was based on AOAC[3]. Then, it was compared with standard substances and the arsenic 

and lead content was calculated. 
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2.3. Organochlorine and Organophosphate Determination 

The sample for this analysis was collected from the same place as in 2.2.  The analysis of 

organochlorine and organophosphate residues were performed followed Steinwandter [4]. Universal 5 

minutes online method for extracting and isolating insecticide residues based on the Fresenius Journal 

of Analytical Chemistry no 1155. The analysis was performed by the GC-MS.  

3. Results and Discussion 

3.1. Pest Problems and Insecticide Usage 

The interview results showed that growers from both Nonthaburi and Nakhonpatum had similar pests 

and the most destructive one was the pennywort cutworm(Zonoplusia ochreata(Walker) followed by 

diamondback moth, plant hoppers and thrips(see Table 1).  The pennywort cutworm was a  leaf feeder 

and could devour the entire plants.  Therefore, the grower preferred chemical control method due to 

fast and easy.  The most preferred insecticide group was organophosphate(43.33% of Nakhonpatom 

and 33.33% of Nonthaburi)(Table 2). 

3.2. Lead and Arsenic Contamination 

The content of lead and arsenic was calculated from the standard curve: 

Y=2.542E+0003*x+1.474E+002(r
2 

= 0.9999) and Y=4.440E+0003*x+1.610E+003(r
2 

= 0.9999), 

respectively. No lead detection on pennywort collected from fresh markets in Bangkok. Arsenic was 

found 20% of samples with less than 0.075 mg / kg(Table 3). 

 

Table 1. Insect pest of Asiatic pennywort 

Insect pests 
Percentage of growers(n=30) 

Nakhonpatum Nonthaburi 

pennywort cutworm 43.33 53.33 

diamondback moth 26.67 26.67 

plant hoppers 16.67 13.33 

thrips 13.33 6.67 

 

Table 2.  Insecticide usage in Asiatic pennywort plantations 

 

Insecticide group 
Percentage of growers(n=30) 

Nakhonpatum Nonthaburi 

abamectin 26.67 30.00 

carbamate 20.00 26.67 

organophosphate 43.33 33.33 

pyrethoid 3.33 10.00 

organochlorine 6.67 0.00 

 

Table 3. Lead and arsenic contamination on asiatic pennywort 

collected from local markets in Bangkok. 

 Heavy metal amount
1
(mg/kg) 

 lead ND 

 arsenic <0.075 

                         
1
ND= not detedcted  

3.3. Organochlorine and Organophosphate Contamination 
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The organochlorine group in pennywort was analysed and the results showed that only dicofol was 

found 0.98 mg/kg and above the MRL of 0.1 mg/kg.   No detection was found on BHC, 

heptachlor&heptachlor epoxide, aldrin&dieldrin, DDT, chlordane, endosulfan and endrin(Table 4).  

Detemination of organophosphate group showed that the samples had chlorpyrifos and methidathion 

2.84 and 0.64 mg/kg, respectively. The sample contained the chlorpyrifos residue above the MRL of 

0.5 mg/kg[5].  No detection was found on DDVP, methamidophos, mevinphos, omethoate, diazinon, 

dicrotophos,  monocrotophos,dimethoate, pirimiphos-methyl, chlorpyrifos, parathion-methyl, 

pirimiphos-ethyl, malathion, malathion, fenitrothion, parathion ethyl, prothiofos,  methidathion, 

profenofos, triazophos,  EPN, phosalone and  azinphos-etthy(Table 5).  

 

Table 4. Organochlorine insecticide contamination on asiatic  pennywort collected from local markets  

in Bangkok. 

 

Organochlorine insecticides amount
1
(mg/kg) 

BHC ND 

Heptachlor&Heptachlor epoxide ND 

Aldrin&Dieldrin ND 

Dicofol 0.98 

DDT ND 

Chlordane ND 

Endosulfan ND 

Endrin ND 
                                          1

ND = not detected 

 

Table 5. Determination of organophosphate insecticide contamination on 

                             Asiatic pennywort 

Organophosphate 

insecticides 

Amount
1
(mg/kg) 

  DDVP ND 

Methamidophos ND 

Mevinphos ND 

Omethoate ND 

Diazinon ND 

Dicrotophos ND 

Monocrotophos ND 

Dimethoate ND 

Pirimiphos-methyl ND 

Chlorpyrifos 2.84 

Parathion-methyl ND 

Pirimiphos-ethyl ND 

Malathion ND 

Fenitrothion ND 

Parathion ethyl ND 

Prothiofos ND 

Methidathion 0.46 

Profenofos ND 

Triazophos ND 

EPN ND 

Phosalone ND 
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Azinphos-etthyl ND 
                                             1

ND = not detected 

4. Conclusions 

Growers rely on chemical method to control insect pest due to fast and easy way.  They continue the 

calendar spray and subsequently induce  pest resurgence and pennywort product contamination.  The 

residues of dicofol and chlorpyrifos in pennywort were exceed acceptable levels.  Moreover, 

pennywort was not only food but also for pharmaceutical products.  Therefore, it should be free of 

pesticides.  Asiatic Organic farming should be implement for sustainable production.  
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Abstract. With the increase of population concentration in urban areas, there is an increase in 

the solid waste generation, which demands the search for alternatives and solutions for the 

environmentally correct destination of these. In this context, this work presents an evaluation 

on the forms of organic and selective domestic waste collection and the potential for the 

recyclability of the waste destined to the same, based on the physical characterization and 

gravimetric composition of the solid wastes generated in the town of Antônio Prado, located in 

the state of Rio Grande do Sul, Brazil, between 2014 and 2016. It is observed that the 

population has significant information regarding the correct disposal of waste in the selective 

collection, since 60% of the waste destined to the same is effectively recyclable. Plastic 

(24.8%), paper (10.9%), glass (8.8%) and cardboard (8.4%) are the most representative 

materials in recycled waste samples in the urban area. The importance of continuity and 

improvement of environmental education programs is essential, due to the evolution in the 

quantity and complexity of products and materials currently manufactured, and to the method 

of mechanized waste collection used by the municipality.  

1. Introduction 

Modern society is constantly evolving and, as a result, the concentration of people in urban areas and 

the generation of solid waste is increasing. One of the current challenges is the search for alternatives 

and solutions for the final destination of these wastes, especially with regard to the prevention of soil, 

air and water pollution, since the inadequate management of these wastes is one of the causes of 

environmental, social, economic and health problems [1]. The fast growth of population, economy, 

consumption pattern, product obsolescence and new packaging accelerated the rate of urban solid 

waste generation, provoking a great challenge to their management [2], mainly at the municipal level. 

For public managers around the world, the management of solid urban waste (MSW) has become, in 

the last decades, a matter of concern, due to the complexity of the materials and the quantity generated. 

According to the United Nations (UN), the current generation of waste in the world is around 12 

billion tons/year and, by 2020, the estimated volume is 18 billion tons/year. A survey conducted by the 

Brazilian Association of Public Cleaning and Special Waste Companies shows that the volume of 

MSW generated in Brazil was 60 million tons/year in 2010, 6.8% higher than the previous year [3]. 

According to the National Solid Waste Policy [4], the Brazilian low about this subject, "selective 

collection and recycling are key instruments for the implementation of shared responsibility for the 

product life cycle, in addition to being fundamental to enable hierarchy in the solid waste management 

and the socioeconomic inclusion of scavengers". In this way, the Brazilian low directive establishes 

that the selective collection should be strongly considered in the plans, both federal and regional, and 

should have its viability encouraged. 
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According to [5] solid waste management must be offered by local public agencies, but it depends 

heavily on the active participation of the population that generates them. For this reason, 

environmental education is extremely important for the effectiveness of management. With it, it is 

likely that the rules of correct separation of residues are obeyed, materials that were previously 

discarded precipitously are reused and, even, there is a decrease in the generation of these materials. 

The effectiveness of selective collection programs and initiatives necessarily requires the involvement 

of citizens and need for information and dissemination of programs and initiatives implemented. The 

community must be sensitized and motivated, and the concepts and practices must be assimilated and 

incorporated into the daily life of the population involved, with the purpose of ensuring its 

operationalization, viability and continuity, which are fundamental factors in achieving the expected 

results and durability [6].   

Considering the need to evaluate the effectiveness of selective collection and community sensitization, 

this paper presents an evaluation on the forms of collection, the potential of solid wastes recyclability 

and the polymeric materials destined to the same, from the physical characterization and gravimetric 

composition of solid waste generated in the town of Antônio Prado, Rio Grande do Sul State - Brazil, 

between the years 2014 and 2016. 

2. Methodology 

The municipality of Antônio Prado has an estimated population of 13,296 inhabitants [7] and is 

located in the northeastern region of the Rio Grande do Sul State - Brazil. For the physical 

characterization and gravimetric composition of domestic solid waste generated in this town, a 

methodology based on the prerogatives of Brazilian Standard "ABNT NBR 10,007/ 2004" was used. 

Six samples were taken between December 2014 and November of 2016, covering urban and rural 

areas, mechanized collection and door-to-door collection, as well as selective and regular collection. 

Solid waste samples were composed using three trucks: two compactors with capacity of 17 and 21 m³, 

and one with capacity of 14 m³, which operationalize the collection of waste in the town. The 

collection route followed specific routes in the areas defined by the municipal technical team, 

alternating streets and neighborhoods, so that the collected solid wastes were distributed 

homogeneously in the internal area of the truck. This procedure was adopted, because the town doesn't 

have a landfill making it impossible to discharge the waste collected from the truck. It should be noted 

that for this procedure the residues weren't compacted. 

The residuals were collected directly from the truck's bucket for the composition of homogeneous and 

representative samples, stored in four 200 L barrels, totaling 800 L. Figure 1 shows the method 

adopted for the composition of the samples. 

 

 

Figure 1. Methodology used to compose waste samples. 

 

After the composition of the samples, the residues were segregated by type of material, weighted on a 

scale and grouped according to the treatment criteria defined by [8]: 
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• biodegradable: materials that can be reincorporated into biogeochemical cycles by decomposing 

organisms; 

• recyclable: materials that can be reincorporated into industrial production cycles; 

• disposable: materials for which there are still no processes that allow the return of their constituents 

to the natural or artificial cycles in a short time, or that their recycling is not economically viable. 

For the per capita generation calculation of domestic solid waste destined to the selective collection, 

the information of resident population in the rural and urban area obtained in the 2010 population 

census [7], and the average of the weights of the months of July to November 2014, and from June to 

November 2016. For the identification of the percentages of materials found in the waste samples, the 

materials of the six characterization campaigns were added, the average of these values being 

calculated, also being calculated the percentage in relation to the total of residues sampled. 

For the identification of the percentages of materials found in the waste samples, the materials of the 

six characterization campaigns were added, the average of these values being calculated, also being 

calculated the percentage in relation to the total of residues sampled. 

3. Results 

The amount of solid waste generated in the town was obtained from data provided by the Municipal 

Department of Agriculture, Environment and Industrial Development of the Municipality of Antônio 

Prado, referring to the average weight of the trucks that carry out the selective collection, in the period 

from July to November of 2014 and June to November 2016. Figure 2 shows the monthly amounts of 

solid waste generated in the town, destined to the selective collection. 

 

 

Figure 2. Monthly waste generation 
 

As shown in Figure 3, 15% of the solid waste generated in the municipality of Antônio Prado is 

destined for the selective collection. It should be emphasized that in this quantification are included 

waste from the sorting center for recyclable waste that have no potential for recycling or are 

economically unviable to be recycled. 

The per capita calculation of the solid waste sent to selective collection was 0.074 kg/hab.day (11.4% 

of the total generated in the town) of a total generation of 0.647 kg/hab.day of domestic waste. The 

total value obtained is in the range of values disclosed by [8], which establishes generations between 

0.10 and 2.55 kg/hab.day, for municipalities with up to 30,000 inhabitants. 

Figure 3 shows the percentage of representativeness of the categories of solid waste destined to the 

selective collection in the urban area (Figure 3 - A), which comprises the neighborhoods with door - to 

- door collection and the central area and neighborhoods with mechanized collection (containers) and 

in the rural area (Figure 3 - B). 

The category of recyclables corresponded to 61.8% of the waste sampled from the selective collection 

in the urban area and 61.2% in the rural area. The biodegradable class accounted for 16.2% and 12.4%, 

and the disposable/waste class represented 22% and 26.4% respectively in urban and rural areas. It 

was assumed that the amount of biodegradable waste generated in the rural area and destined to the 

selective collection was smaller, since the use of this type of waste through composting is quite 

common in rural communities. 

Considering the average percentage of the materials destined to the selective collection in the urban 

area, in the five campaigns carried out, it is observed that plastic (24.8%), paper (10.9%), glass (8.8%) 

and paperboard (8.4%) are the most representative materials in the samples of recyclable waste in the 

urban area. In the polymer material category, the highest percentages of PEBD - Film (6.2%), 

generally used in food packaging and PET - bottle (3.5%) were verified, represented by soft drink and 

water packages. It is observed that there is a tendency of the polymeric materials generated and 
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segregated by the population, to be destined to selective collection, regardless of whether they are 

rigid or film 

 

 

 

Figure 3. Composition of waste sent to the selective collection in the urban area. 

 

Considering the representativeness of the potentially recyclable materials destined to the selective 

collection in the rural area, it is observed that the polymeric materials represent 42.4% of the total 

samples, being that of these materials, the ones found in greater quantity were: PP - Film (9, PEBD - 

Film (8.1%), consisting of food packaging, PP buckets and pots (4.3%) and PET bottles (3.3%). It 

should be noted that the "other category", contemplated in the category of polymeric material, refers to 

materials that have more than one type of polymer associated in its composition. The amount of 

polymer waste generated by the municipality is not enough for the implantation of a mechanical 

recycling plant of polymers, since the daily generation is less than 1000 kg per day for any type of 

polymer. However, the option of forming partnerships with other municipalities in the region through 

consortia can make mechanical recycling economically viable. 

Figure 4 shows the composition of solid waste collected in the urban area destined to the selective, by 

containerized and door-to-door collection systems, grouped on the basis of the potential for treatability 

(biodegradable, recyclable and disposable). The containers (33 sets / recyclable + organic) were 

deployed in the central area of the town in March 2014. In July 2015, containerization was expanded 

to the neighborhoods around the central area, and 40 more (recyclable + organic), totaling 73 sets. 
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Figure 4. Potential of treatability of the waste destined to the selective collection, in the urban zone, 

by the systems of collected container and door-to-door. 

 

Results show that the segregation of recyclables made by the population of the waste destined to the 

containers, although the difference is not significant, presents a trend of better segregation when 

compared to the door-to-door system. 

In order to evaluate the efficiency of segregation and destination, after the expansion of the area 

occupied with containers, the percentage of waste destined to the collection was evaluated. It is 

observed that after the expansion of the containerization system in the neighborhoods, located in the 

environs of the central area, the waste destined to the containers of the selective collection, in the 

center, as in the districts, was more efficient, due to the greater percentage of residues for this 

collection. 

It is also observed that both the amount of waste belonging to the biodegradable category and also the 

disposable solid waste was reduced by approximately 50% in the central area containers from 

2014/2015 to 2016. This result is directly associated with the environmental education campaigns 

carried out by town. On the other hand, door-to-door collection in the neighborhoods had a reduction 

in the percentages of recyclables destined, which demonstrated a reduction in the efficiency of 

segregation and destination. 

In door-to-door collection, one of the factors influencing the results is the collection times and days, 

since the trucks can collect at the wrong time or the population can place the waste on public roads at 

times and days that are not compatible with the calendar. 

4. Conclusion 

Considering the results obtained with six characterization campaigns of the town of Antônio Prado 

(December/2014, February/2015, June/2015, July/2016, September/2016, November/2016), it is 

concluded that, in general , the population has significant information regarding the correct disposal of 

solid waste in the selective collection, since 60% of the waste destined to it is effectively recyclable. 

In the rural area of the municipality, which is attended by selective collection in 100% of its territory, 

consideration should be given to the implementation of incentive and environmental education 

programs for the practice of composting in rural communities. However, due to the presence of a 

representative quantity of biodegradable materials in the samples of the rural area, the need for more 

effective municipal programs for this practice is identified by the municipal management that the rural 

population performs the composting. 

It is worth mentioning that the presence of biodegradable and disposable waste in the selective 

collection makes it difficult to segregate the sorting centers, generating odors, discomfort to the 

83



1234567890

(ICEST 2017) IOP Publishing

IOP Conf. Series: Earth and Environmental Science 78 (2017) 012011    doi   :10.1088/1755-1315/78/1/012011

 

 

 

 

 

 

segregators and the loss of the quality of the recyclable material, due to their contact and consequent 

contamination. With the presence of these materials in the plants, there is demand for transportation 

and final destination in landfills, resulting in increased costs in the waste management process. 

The continuity and improvement of environmental education programs are essential, due to the 

evolution in the quantity and complexity of products and materials currently manufactured, and the 

relatively new method of collecting waste, adopted by the municipality (containers). In order to 

increase the efficiency of segregation, and consequently, in the management of domestic waste, it is 

indicated that the campaigns for the collection of recyclable materials, already developed by entities 

and public management in the municipality, are even more optimized, so that there is a greater 

dissemination of these information and greater adherence by the population. 
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Abstract. In this research, graphitic carbon nitride (g-C3N4) was synthesized from useless 

melamine scraps. Mixture of melamine powder and urea was directly burned in the muffle 

furnace at 550 C. Later as-synthesized g-C3N4 was modified with hydrochloric acid. The g-

C3N4 powder was characterized by several techniques including X-ray diffraction, scanning 

electron microscope, and specific surface area analyser. Adsorption of the herbicide paraquat 

from an aqueous solution to suspended particles of g-C3N4 was investigated, taking into 

consideration several parameters such as initial concentration of paraquat, initial pH, and 

dosage of g-C3N4. The results showed that with the same amount of g-C3N4, the increase in the 

paraquat concentration caused the reduction in the removal efficiency and the higher the amount of 

g-C3N4, the less residual paraquat remained in the bulk solution. G-C3N4 showed better 

adsorption behaviour in the basic condition.  Finally, Langmuir and Freundlich adsorption 

isotherms were also evaluated. Paraquat adsorption by g-C3N4 was in accordance with 

Langmuir more than Freundlich adsorption isotherm.  

1. Introduction 

Nowadays, environmental problem is a big issue worldwide. Industrial wastes from many industries 

had to manage appropriately. Big amount of investment was utilized for solid waste disposal facilities. 

For melamine tableware industry in Nakhon Ratchasima province, Thailand, huge amount of 

melamine scraps occurred each day of production. Moreover, the disposal cost of this waste as 

hazardous waste was rather expensive. Therefore the aim of this research was to utilize these non-

valuable solid wastes.  

Paraquat dichloride (1,1′-dimethyl-4,4′-bipyridinium dichloride) commonly referred to “paraquat,” is 

one of the most widely used herbicides registered in Thailand. Paraquat is also often referred to 

Gramoxone (a common trade name). It is a widely utilized for the control of broadleaf weed in many 

agricultural and non-agricultural use sites. It is classified in non-selective herbicides. Recently, in the 

north of Thailand, farmers used paraquat 2-3 times/year in corn planting for animal food industry. 

Consequently, huge amount of paraquat remained in agricultural area. The reported half-life for 

paraquat in soil ranges from 16 months (aerobic laboratory conditions) to 13 years (field study) [1]. It 

affected to both animals and human. Paraquat exposures studies using frogs, birds and rodents at 

environmentally related concentrations, promote risks of declines in reproductive success due to 
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embryotoxicity, delayed conception and malformations [2]. Accidental and intentional exposure of 

humans to paraquat still occurs even though its use is restricted. Brain damages and deaths can 

occurred in patients, who drank paraquat solution. Particularly, several studies suggest a link between 

paraquat use and Parkinson’s disease (PD) [3]-[6]. Paraquat is highly soluble in water up to 620 g/L at 

25 C hence straightforwardly contamination into surface water by runoff. Conventional water supply 

unit process is unable to remove paraquat. Therefore, specific unit, for example, adsorption tank is 

required. From literatures review, graphitic carbon nitride (g-C3N4) was feasible adsorption material 

[7]. It can be synthesize from melamine directly. Consequently, this research will focus on 

synthesizing graphitic carbon nitride from useless melamine scraps and testing for paraquat adsorption. 

2. Materials and Methods 

2.1. Synthesis of Graphitic Carbon Nitride 

The reagents used in this research were analytical grade.  Melamine scraps was obtained from 

melamine tableware industry in Nakhon Ratchasima province, Thailand. The obtained melamine was 

crushed and sieved. In this experiment, melamine powder with the size of 100 mesh (0.149 -0.177 mm) 

was used. G-C3N4 was prepared by directly heating melamine with urea additive in the muffle furnace. 

The melamine to urea ratio was 10:0.3 g. The heating up rate was 10 C per minute and after 

temperature reached 550 C this temperature was holed for 4 hours. After it was naturally cooled to 

room temperature, g-C3N4 was obtained.  The as-synthesized sample had been modified with 37% HCl 

for 3 hours. Then the modified sample had been washed with DI water for several time until the pH of 

water was 7. Finally, the sample had been dried in the oven at 105 C for 3 hours. The finished sample 

was ground into powder before being used in the experiment. 

2.2. Characterization of Graphitic Carbon Nitride 

Powder X-ray diffraction (XRD) patterns of the g-C3N4 samples were recorded with an X-ray 

diffractometer model XD 6000. The morphology of g-C3N4 sample was observed on a scanning 

electron microscope (SEM) at 5kV for 30000X and 50000X magnification. The specific surface areas 

of the g-C3N4 sample was measured by nitrogen sorption on an autosorb iQ surface area analyzer 

model AUTOSORB and calculated by the Brunauer−Emmett−Teller (BET) method. 

2.3. Adsorption Experiment 

Paraquat adsorption experiment was conducted in batch type reactor. The experiment was divided into 

three parts. First experiment, paraquat at pH 7 was prepared in different initial concentration: 2, 6, and 

8 mg/L and g-C3N4 of 2 g was used in each concentration. Second experiment, g-C3N4 with different 

amount of 0.4, 1, and 2 g was used in 8 mg/L paraquat at pH 7. Third experiment, 8 mg/L paraquat 

was prepared in different initial pH of 3, 7, and 10 and g-C3N4 of 2 g was used in each pH. All 

adsorption experiments were done in the dark. The adsorption experiments were conducted in a 1 L 

reactor containing 1 L paraquat solution with magnetic agitation. For each run of experiment, sample 

solution was taken off by a syringe at 5, 10, 15, 20, 25, 30, 45, 60, 90, 120, 180, 240, 300, and 360 

minutes. Five mL turbid sample solution was filtered with 0.2 micron nylon filter.  Then 1 % alkaline 

sodium dithionite solution of 1 mL was added to the clear solution. Shortly afterwards, the light blue 

color solution was obtained. Their respective concentrations were spectrophotometrically monitored at 

analytical wavelengths of 398 nm using a UV-VIS spectrophotometer. 

3. Results and Discussion 

3.1. Characterization of  Graphitic Carbon Nitride 

The XRD patterns for g-C3N4 sample was shown in Figure 1. The strongest XRD peak at 27.62◦, was 

indexed for graphitic materials as (0 0 2) diffraction plane (JCPDS 87-1526) which is consistent with 

the reported g-C3N4 [8]. Figure 2 showed the SEM images of acid modified g-C3N4 particles at a 

magnification of 30,000x and 50,000x. The size of these nanoparticles was approximately 80 - 250 nm. 

G- C3N4 sample presented a BET specific surface area of 42.06 m
2
/g (multi point mode measurement) 
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which was slightly less than other reports of 393.8 m
2
/g for urea as precursor or 303.9 m

2
/g for 

melamine as precursor [9]. However, its specific surface area was higher than natural clay (13.8 m
2
/g) 

[10]. 

 

 

Figure 1. XRD patterns of g-C3N4. 

 

  

Figure 2. SEM images of g-C3N4 with a) 30000X and b) 50000X. 

3.2. Paraquat Adsorption 

From Figure 3 and Figure 4, the higher the amount of g-C3N4, the less residual paraquat remained in 

the bulk solution. This denoted the adsorption capacity of the g-C3N4 for a given concentration of 

paraquat. Considering the same initial quantity of paraquat, the increase in the adsorbent dosage 

caused an improvement in the removal efficiency leading to a greater amount of adsorbed paraquat, as 

expected. 
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Figure 3.  Variation in paraquat concentration overtime for g-C3N4 (2 g/L) suspensions exposed to a 

different concentration of paraquat solution pH 7 at room temperature. 

 

 

Figure 4. Variation in paraquat concentration overtime for different dosages of g-C3N4 (0, 0.4, 1, and 

2 g/L) suspensions exposed to 8 mg/L paraquat concentration solution pH 7 at room temperature. 

 

From Figure 5, the effect of pH on adsorption capacity was evaluated using three different pH values 

(3, 7, and 10). The pH of solution was an important variable in the adsorption processes. The results 

showed that the adsorption behavior in basic condition was slightly higher than natural condition and 

obviously higher than acidic condition. Some researchers reported that the optimal pH range for the 

removal of paraquat was within 6–8, by also taking into consideration the realistic working pH 

conditions [11]. 
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Figure 5. Variation in paraquat concentration overtime for different pH of 8 mg/L paraquat solution 

with dosages of g-C3N4 2 g/L at room temperature. 

 

3.3. Paraquat Adsorption Isotherms 

Two adsorption isotherms were investigated, Langmuir and Freundlich isotherms. Both models 

(Langmuir and Freundlich) fit the experimental data quite well as in Figure 6. The correlation 

coefficient values (R
2
) of these two isotherms were 0.9873 and 0.9623, respectively. The Langmuir 

isotherm presented slightly higher correlation coefficient values (R
2
) which indicated that paraquat 

adsorption by g-C3N4 was in accordance with Langmuir adsorption isotherm. The Langmuir 

adsorption constant of 0.115 L/mg was calculated. This trend was in accordance with Hao’s 

experiment [12] which studied the adsorption behavior of paraquat from aqueous solution using star 

fish particles. 
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Figure 6. Adsorption isotherm of 8 mg/L paraquat by different dosages of g-C3N4 (0.4, 1, and 2 g/L) 

at pH 7 a) Langmuir adsorption plot and b) Freundlich adsorption plot. 

4. Conclusion 

In summary, we have successfully fabricated the g-C3N4 material by directly heating the mixture of 

melamine and urea. The BET specific surface area of 42.06 m
2
/g was achieved. Our results clearly 

indicated that the g-C3N4 has impartial performance in the paraquat adsorption. The higher the amount 

of g-C3N4 is, the higher adsorption capacity will be. It showed better adsorption behaviour in the basic 

condition. However, other important parameters such as particle size of adsorbent, contact time, 

stirring speed, and temperature should be examined in the future. Paraquat adsorption by g-C3N4 show 

good agreement to Langmuir more than Freundlich adsorption isotherm. 

Acknowledgment 
This work was funded by the Center of Excellence in Advanced Functional Materials, Suranaree 

University of Technology.  Special thanks to Pimchanok Leuasoongnoen, Ariya Jindanant, Yotsapon 

Bailuang, and Narudon Saijaioup for supporting this research.  

5. References 

[1] Rao P S C, and Davidson J M 1980 Environmental Impact of Nonpoint Source Pollution eds. 

Overcash M R and Davidson J M (Ann Arbor Science) pp 23-67 

[2] Hausburg M A, DeKrey G K, Salmen J J, Palic M R, and Gardiner C S 2005 Effects of paraquat 

on development of preimplantation embryos in vivo and in vitro Reprod. Toxicol. 20 pp 239–

246. 

y = 4.6205x - 0.5298 
R² = 0.9873 

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.000 0.050 0.100 0.150 0.200 0.250

1
/X

 

1/Ce 

y = 0.3687x + 0.545 
R² = 0.9623 

0.000

0.200

0.400

0.600

0.800

1.000

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800

lo
g
X

 

logCe 

a. 

b. 

90



1234567890

(ICEST 2017) IOP Publishing

IOP Conf. Series: Earth and Environmental Science 78 (2017) 012012    doi   :10.1088/1755-1315/78/1/012012

 

 

 

 

 

 

[3] Moretto A, and Colosio C 2011 Biochemical and toxicological evidence of neurological effects 

of pesticides: The example of Parkinson's disease NeuroToxicology. 32 4 pp 383-391 

[4] Andersen J K, and Di Monte D A 2014 Paraquat and Parkinson’s Disease (PD), Reference 

Module in Neuroscience and Biobehavioral Psychology Encyclopedia of the Neurological 

Sciences (Second Edition) pp 792-794 

[5] Pezzoli G, and Cereda E 2013 Exposure to pesticides or solvents and risk of Parkinson disease 

Neurology 80 pp 2035–2041 

[6] Freire C, and Koifman S 2012 Pesticide exposure and Parkinson's disease: epidemiological 

evidence of association Neurotoxicology 33 pp 947–971 

[7] Ye S, Qiu L G, Yuan Y P, Zhu Y J, Xia J, and  Zhu J F 2013 Facile fabrication of magnetically 

separable graphitic carbon nitride photocatalysts with enhanced photocatalytic activity under visible 

light J. Mater. Chem. A 1 pp 3008-15 

[8] Ye L, Liu L, Jiang Z, Peng T, and Zan L 2013 Facets coupling of BiOBr-g-C3N4 composite 

photocatalyst for enhanced visible-light-driven photocatalytic activity Appl. Catal. B:      

Environ. 142–143 pp1–7 

[9] Liu X, Wu X, Long Z, Zhang C, Ma Y, HaoX, Zhang H, and Pan C 2015 Photodegradation of 

Imidacloprid in Aqueous Solution by the Metal- Free Catalyst Graphitic Carbon Nitride using 

an Energy-Saving Lamp Journal of Agricultural and Food Chemistry 63 pp 4754−60. 

[10] Dina A M, Manuel S, and Luís M 2015 Adsorption of paraquat dichloride to kaolin particles 

and to mixtures of kaolin and hematite particles in aqueous suspensions Journal of Water 

Security 1 pp 25-36 

[11] Tiago F, Sofia F S, Tito T, and Ana L D 2017 Magnetic Hybrid Nanosorbents for the Uptake of 

Paraquat from Water. Nanomaterials 7(3), 68;doi:10.3390/nano7030068 

[12] Hao H, Feng J, Chen W, Xiang S, Liu W, and Wu X 2015 Adsorption behavior of herbicide 

paraquat from aqueous solutions using starfish particles: kinetic, isotherm, and thermodynamic 

studies. Asia-Pac. J. Chem. Eng. 10 pp 347–355 DOI: 10.1002/apj.1872  

 

91

http://www.sciencedirect.com/science/article/pii/S0161813X11000519
http://www.sciencedirect.com/science/article/pii/S0161813X11000519
http://pubs.rsc.org/is/results?searchtext=Author%3ASheng%20Ye
http://pubs.rsc.org/is/results?searchtext=Author%3ALing-Guang%20Qiu
http://pubs.rsc.org/is/results?searchtext=Author%3AYu-Peng%20Yuan
http://pubs.rsc.org/is/results?searchtext=Author%3AYu-Jun%20Zhu
http://pubs.rsc.org/is/results?searchtext=Author%3AJiang%20Xia
http://pubs.rsc.org/is/results?searchtext=Author%3AJun-Fa%20Zhu
http://www.sciencedirect.com/science/article/pii/S0926337313002750
http://www.sciencedirect.com/science/article/pii/S0926337313002750


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

1234567890

(ICEST 2017) IOP Publishing

IOP Conf. Series: Earth and Environmental Science 78 (2017) 012013    doi   :10.1088/1755-1315/78/1/012013

Study on Spatial Model of Land Use Based on CA - Markov 

Model after Returning Cropland to Forest  

Chun-xia QIU
1
, Dong HAN

1
, Qian-kun DONG

2
 and Qin-qin MAO

1
 

 

1 College of Geomatics, Xi'an University of Science and Technology, Xi'an, China 

2 Shaanxi Institute of Surveying and Mapping of Land, Xi’an, China 

 

Abstract. At present, the frontier of global environmental change research is land use / cover 

change, and an important way to understand global land change is to analyze and study typical 

areas. In order to study the law and the driving mechanism of land use change in the loess hilly 

and gully region, this paper takes the county south ditch watershed as an example, takes the 

remote sensing image of the basin in 1995, 2005 and 2015 as the data source, combined with 

the topographic data, And the spatial and temporal dynamics of land use before and after 

returning farmland to forest in Nangou watershed was analyzed. Finally, based on the land use 

situation in 2015, a variety of CA criteria were used to carry out modeling analysis to predict 

the land use in 2025 Type of purpose. And thus hope for the region to implement the scientific 

implementation of the project of returning farmland to forest. 

1. Introduction 

For a case study of the typical region. County in the south of the Loess Plateau gully region as the 

object of study, the state from 1974 on the watershed to plant trees and grass as the focus of the 

comprehensive treatment, [1]-[4] and in the years of comprehensive management and reduce sediment 

benefits The monitoring study has accumulated a lot of data and rich experience. [5] In order to 

analyze the spatial and temporal patterns and evolution of land use, the remote sensing image data and 

ground data were processed by remote sensing and GIS software, [6] and then the results were 

analyzed and compared. The temporal and spatial pattern of land use change and the evolution of land 

use change in Nangou watershed, and the quantitative simulation of land use change in 2025 based on 

CA-Markov model. 

2. Survey Area Overview and Data Processing 

2.1. Overview of the Study Area 
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County South ditch watershed (E 109 ° 19'30 ", N 36 ° 51'30") is located in the second sub-region of 

the hilly and gully region of the Loess Plateau. [7] It is a tributary of the lower reaches of the Xingzi 

River, which belongs to the typical loess hilly gully Area, belonging to Ansai County, Shaanxi 

Province, the basin area of 8.27 km², most of the soil is yellow soil, accounting for 77.1% of the total 

area. In the basin, the density of the gully in the terrain is 8.06 km/km², and the elevation is 1100-1400 

m. [8]  

2.2. The Specific Technical Process (it is shown in Figure 1) 

 

 

 

 

 

 

 

            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Technical flow chart 

2.3. Data Pre-Processing 

(1) ArcGIS data preparation; 

(2) Data fusion; 

(3) Overlay analysis; 

(4) Calculate the area and export the attribute table; 

(5) Export the data processing results; 

(6) Data analysis. 
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3. Temporal and Spatial Evolution of Land Use  

3.1. Analysis of Land Use Time Process 

3.1.1. Analysis of land use time before returning to cropland (1995-2005) 

The relative rates of land use in the Nangou watershed in Ansai County from 1995 to 2005 are 

calculated, and as shown in Table 1. 

 

Table 1. Relative change rate of major land use in 1995-2005 

Land use 

type 

The total land area 

of all types in 

1995(m²) 

The total land 

area of all types in 

2005(m²) 

Added 

area(m²) 

Relative change rate 

of land use(m²) 

Rural 

settlements 
43315.79904 64697.02214 26381.2231  1.23  

The river 

surface  
88370.35988 66989.13678 19225.5163  0.90  

Reservoir 

water 

surface 

10645.02185 25026.24495 32301.1152  2.25  

Dry land 107744.0591 66362.83602 445620.9716  10.77  

Orchard 120184.9693 241566.1924 15320.6541  0.13  

woodland 97319.63124 72938.40814 16589.5028  0.68  

Shrubbery 449902.8673  261284.0904 17256.1265  0.09  

Natural 

grassland 
1752439.4911  1762439.489 42056.2546  4.21  

Saline Land 399141.8641  187760.641 20154.9861  0.10  

Cultivated 

land 
1226174.781 1076827.288 12071.3695  0.08  

3.1.2. Analysis on Land Use Time Process after Returning Farmland (2005 - 2015) 

The relative rates of land use in the Nangou watershed in Ansai County from 2005 to 2015 are as 

shown in Table 2. 

 

Table 2. Relative change rate of major land use in 2005-2015 

Land use 

type 

The total land area 

of all types in 

1995(m²)  

The total land 

area of all types in 

2005(m²) 

Added 

area(m²) 

Relative change 

rate of land 

use(m²) 

Rural 

settlements 
64697.02214 103472.5069 55365.92072 1.43  

The river 

surface 
66989.13678 71729.70324 59327.64578 12.51  

Reservoir 

water surface 
25026.24495 14953.5889 11107.01465 1.10  

94



1234567890

(ICEST 2017) IOP Publishing

IOP Conf. Series: Earth and Environmental Science 78 (2017) 012013    doi   :10.1088/1755-1315/78/1/012013

Dry land 66362.83602 339715.6097 24114.76353 0.09  

Orchard 241566.1924 423872.5792 57114.165 0.31  

woodland 72938.40814 1762613.315 7218.090882 0.00  

Natural 

grassland 
1598384.547 1500489.002 496133.4712 5.07  

Artificial 

grass 
164054.9426 71937.97897 61623.32893 0.67  

Saline Land 187760.641 166871.0906 118547.2083 5.67  

Note: "0" indicates that the number of land use changes in a certain area during a study period is 0, 

that is, the relative change rate is zero. 

3.2. Analysis of Spatial Pattern of Land Use 

3.2.1. Analysis on spatial pattern of land use before returning to cropland (1995-2005) 

Transformation of Main Land Use Types in Nangou Watershed of Ansai County in 1995-2005. The 

results showed that the increase of rural settlements and orchards was mainly due to the transfer of 

forest land area, 0.2190 km² and 0.7854 km² respectively, and the probability of turning into the 

orchards was 24.31%, and the orchards were Part of the area out of grass and shrubs, the transfer 

probability was 19.93% and 14.86%. The increase in cultivated land area is mainly due to the transfer 

of dryland and sparse forest land area into 0.1153 km² and 0.0989 km², respectively. Overall, the 

transfer rate of rural settlements is 90%, the conversion rate of orchards is 88%, and the transfer rate of 

reservoirs and forest land is the lowest. The area of dryland, shrub and orchard was the most obvious. 

In the period from 1995 to 2005, 0.9896 km², 0.8631 km² and 0.7854 km² were transferred to dryland, 

shrub and orchard respectively. The transfer probabilities were 30.63%, 29.81% and 24.31%, 

respectively. 

3.2.2. Analysis on Spatial Pattern of Land Use after Returning Farmland (2005 - 2015) 

The transformation of the main land use types in the Nangou Watershed of Ansai County in 2005 and 

2015 shows that the increase of the area of forest land is mainly due to the transfer of land area of 

other types of land and forest land to 0.8605 km² and 0.1415 km ², the probability of turning grass into 

the shrubbery is 45.63%, and the probability of shrub forest turning into forest land is 35.78%. The 

increase of cultivated land area is mainly due to the conversion of grassland and other types of land 

area , Transferred to two separate 0.41 km² and 0.3102 km² respectively. Overall, shrubs, arable land 

and dry land transfer rate of the highest, are 94%, orchards and forest land transfer rate followed by 86% 

and 83%, river water transfer rate of the lowest, 17% The Grassland, shrubs and cultivated land 

conversion between the most obvious, during the 1.0082 km² and 0.4104 km² of grassland were 

converted to shrubs and arable land. 

4. Simulation and Prediction of Dynamic Evolution of Land Use Change 

4.1. Forecast of Land Use Distribution in 2025 Based on CA-Markov Model 

Based on the CA-Markov model, that is, the probability of land use change in Nangou watershed of 

Ansai County based on Markov model, combined with the change of land use type in 2015, the time 
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interval is 10 years. Forest policy measures, the appropriate adjustment of its probability, through the 

CA model of space, that is, from the spatial prediction of land use change pattern. 

4.1.1. The determination of the transfer probability 

Year as a unit, the change of land use type is divided into a series of discrete processes, according to 

the average annual conversion rate of each type (after returning farmland to forest, that is, from 2005 

to 2015, the land use type conversion area divided by the age Interval 13 to obtain an average annual 

conversion area of the original area of the percentage of the area) to determine the land use type unit 

transfer probability, the rural residential area into other types of transition probability as the first line, 

the river surface into other landscape types The probability of transition as the second row, and so on, 

the establishment of the transition probability matrix, the 2005-2015 time period to determine the 

initial transfer probability matrix, [9]-[11] and as shown in Table 3. 

 

Table 3. Transfer probability matrix for land use types in the initial state 

Residential    Forest    Grass    Orchard   Arable   Dry     
Saline     Waters 

Area         land                        Land    Land     
Land 

Residential Area 0.0657     0        0        0        0.0094    0.0015     0       

0 

Forest land     0.0044    0.3723    0.0297    0.0003    0.0252   0.0152     0      

0.0273 

Grass         0.0004    0.0293    0.0151     0.0015    0.0111   0.0011    

0.0013   0 

Orchard       0.0007    0.0370    0.0051     0.0182    0       0.0159     0       

0 

Arable land    0.0003    0.0131    0.0054     0.0407    0.0089   0.0085    0        

0 

Dry land       0        0.0377    0.0114     0        0        0.0279    0        

0 

Saline Land    0        0.0249    0.0016     0.001     0.0009   0.0485   

0.0486     0 

Waters        0        0.0089    0.0018     0         0       0.0074     0     

0.0093 

4.1.2. Dynamic simulation prediction 

Based on the survey of land resources and the data of soil and water conservation in Nangou 

watershed in recent years, the transfer probability of the initial state of Table 3 is adjusted 

appropriately. The probability of converting cultivated land into forest land is adjusted to 0.0051, the 

conversion between forest land is 0.0723, the probability of conversion of cultivated land to grassland 

is 0.0008, the probability of conversion of grassland to forest land is 0.0041, and the probability of 
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conversion between residential area and other land use type is adjusted to 0. and the remainder 

remains unchanged. The adjusted transition probability matrix is shown in Table 4. 

 

Table 4. Adjusted land use type transfer probability matrix 

Residential   Forest   Grass   Orchard   Arable   Dry     Saline     
Waters 

Area        land                      Land    Land     Land 

Residential  

Area         0.0657     0        0        0        0        0       0        

0 

Forest land     0     0.0723    0.0297    0.0003    0.0252   0.0152     0      

0.0273 

Grass         0      0.0041    0.0151    0.0015    0.0111   0.0011    

0.0013    0 

Orchard       0      0.0370    0.0051    0.0182      0      0.0159    0        

0 

Arable land    0      0.0051    0.0008    0.0407    0.0089   0.0085     0        

0 

Dry land       0      0.0377    0.0114      0        0      0.0279     0       

0 

Saline Land    0      0.0249    0.0016    0.0010    0.0009   0.0485    

0.0486    0 

Waters        0        0       0        0         0       0          0     

0.0093 

4.1.3. Run the CA-Markov model 

Specify the base land cover image for the land use map for 2015, enter the land use area transfer 

probability matrix from 2005 to 2015, and then input the adaptive image set, and specify the number 

of cycles of the geospatial automata to be 10, The cellular automaton filter creates a weight factor with 

significant spatial meaning, and uses the weighting factor to act on adjacent grid cells to change the 

state of adjacent grids. In the solution, a 5 x 5 filter was used to obtain the land use forecast for 2025 in 

the county. 

4.1.4. The number of area changes in the forecast 

The transfer matrix of the main land use types in the county south ditch basin from 2005 to 2015 is 

calculated by the formula 1. As shown in Table 5. 

),,(
1

Tf ij

t

ij

t

ij SS 
                           （1） 

 

Table 5. Main land use type transfer matrix for Nangou watershed 
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Residential   Forest   Grass   Orchard   Arable    Dry       Saline      
Waters 

Area(km²)   land(km²) (km²)   (km²)     Land(km²) Land(km²)  
Land(km²)   (km²) 

Residential   

Area       553       0         0        1       79        13        0         

142 

Grass      162      10812     5578      549     4101      397       483        

11 

Orchard     23      1162       159      571      0        499       0         
  

0 

Arable land  19       846       350      2629    577       546       0           

0 

Dry land     0       325        98       0       0        241       0           

0 

Saline Land  0       609        38       24      21        0        1185         

0 

Waters      0       106        22       0       0        88         0          

704 

Total       947     30037      8435     3788    5877     2466      1668        

857 

4.2. Dynamic Prediction of Land Use Change 

According to the forecast, the area of settlements, woodlands, grasslands, orchards, arable land, dry 

land, saline land and waters will reach 131954.7 m², 4571225.3 m², 690310.7 m², 497044.2 m², 

508629.6 m², 275068.8 m², 108581.1 m² and 75275.2 m² Because of the absence of 2025 years of 

remote sensing image data, the results can not be tested. However, this prediction results are consistent 

with the overall trend of land use after returning farmland to forest (2005-2015), indicating that the 

model is reasonable and good forecast of future land use change. The results show that land use 

change will continue to maintain the trend of 2005-2015 during the 2015-2025 period, and the area of 

forest land, orchard, rural settlements and dry land will increase as a whole, In 2015, the net increase 

in woodland was 1567525.3 m², an increase of 52.2%, mainly from the transfer of cultivated land and 

grassland, while the area of cultivated land, saline land, grassland and waters continued to decrease, 

The net area decreased by 79070.4 m², a decrease of 13.5%, mainly due to the transfer of woodland 

and orchard area. However, with the deepening of the project of returning farmland to forest, this 

increase and decrease will be reduced, because the area of returning farmland to forest is limited, the 

forest area changes over time will become saturated, and cultivated land can not be reduced. So the 

final forest land, grassland, arable land and other areas will remain basically stable, in a dynamic 

balance. 
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5. Conclusions 

Based on ArcGIS software and CA-Markov model, this paper analyzes the relationship between the 

land use efficiency, the land use dynamic degree, the land use type relative change rate, the land use 

transfer matrix data and the relevant indicators, and analyzes the implementation of the policy of 

returning farmland to forest before and after the implementation the time course and spatial pattern of 

land use change in Nangou watershed of Ansai County, and the CA-Markov model was used to 

simulate the change of land use structure in Nangou watershed in 2025. And thus hope for the region 

to implement the scientific implementation of the project of returning farmland to forest. 
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Abstract: Brassica incana Ten., possessing a number of useful agronomic traits, represents a 

precious genetic resource to be used in plant breeding programs to broaden the genetic base in 

most Brassica crop species. B. incana that grows on limestone cliffs is at risk of genetic 

erosion for environmental constraints and human activities. We studied the pedological 

conditions of a Calabrian site where the B. incana grows, and we correlated the soil properties 

to the physiological and biochemical aspects of B. incana to identify the causes and effects of 

the genetic erosion of this species. Our results evidenced that physical soil conditions did not 

affect B. incana growth and nutraceutical properties; conversely, biological soil properties 

modified its properties. We identified leaf pigments and secondary metabolites that can be used 

routinely as early warning indicators of plant threat, to evaluate in a short term the dynamic 

behavior of plants leading to species extinction. 

1. Introduction 

The decline of biodiversity worldwide can lead to declines in overall levels of ecosystem functioning 

[1]. In the European context, there is a pressing need to assess the overall conservation status of 

species and habitats of community interest [2]. Rare species may be at greater risk of extinction 

because of their small geographic ranges, low abundances, and greater susceptibility to environmental 

changes [3], Further, incomplete information on their distributions, often gathered over long periods of 

time and with limited spatial accuracy, makes the assessment of these species particularly challenging 

[4], [5]. The genus Brassica is the most economically important genus within the Brassicaceae family 

being widely used in human diet as an important source of vegetables, condiments, and edible oils. 

The interest in Brassica vegetable crops has recently grown due to the breeding programs carried out 

in several countries - mainly in Asia, Europe and USA. Within Brassica species, an important loss of 

natural genetic diversity has been observed due to the introduction of highly performing F1 hybrids, 

characterized by a narrow genetic base that is contributing to the slow disappearing of landraces. In 

the last decades, an important loss of natural genetic diversity (loss of wild germoplasm) has also been 

caused by climatic changes, agricultural practices, deforestation and human activities. Calabria 

represents one of the main diversification center of the genus Brassica. The species most distributed in 

Calabria are B. fructicolosa, incana, napus, rupestris, gravinae, nigra, montana and oleracea  [6]. 

These populations are wild relatives of kale crops [7] and therefore represent an important genetic 

resource. The populations are characterized by a considerable morphological variation [8] and show a 

strict genetic relationship [9]. Among these populations, B. incana, native to east and southeastern 

Europe (USDA, ARS, National Genetic Resources Program 2010, Marhold 2011), possesses a number 

of useful agricultural traits. Additionally, from a nutraceutical point of view, it contains high amounts 

of glucosinolates and phenols, compounds with antioxidant, anticarcinogenic, cardiovascular and 
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biocide properties that confer to B. incana,  phytotherapic properties, encouraging its use in medicine, 

and in organic farming. Additionally, seeds of B. incana are a source of mustard powder as B. juncea 

and B. nigra, and could represent a benefit for the local economy. Many International Institutions, 

involved in the nature protection, listed this species in the “IUCN Red List of Threatened Species” that 

deserve attention and conservation priority. As a conservation tool, red list data are recommended to 

be used at various scales, including site level evaluations and national resource management and 

legislation [10], [11]. At the local level, the presence of species recognized as threatened by an 

authoritative system can be accurate pointers for prioritizing key habitats and their conservation [12], 

[13]. B. incana is assessed as Data Deficient as there are currently insufficient information available to 

evaluate this species, thus researches are needed to determine the current demographic status of this 

species. Based on this background, the goal of this work was to correlate the soil properties of the 

Calabrian sites where the B. incana grows to the physiological and biochemical aspects of B. incana to 

identify the causes and effects of the genetic erosion of this species.  

2. Materials and methods 

The soils were collected under B. incana vegetation in Stilo, Calabria, South Italy, (Lat. 38° 30’ 29,2’’ 

N, Long.  16° 22’ 45,8’’ E,   altitude of 600 m above sea level, with a mean annual air temperature of 

15.6 °C and a mean annual rainfall of 905 mm) from 2 different layers (0-10; 10-20 cm) separated on 

the basis of morphological differences which could be perceived by the naked eye. Soil samples (1 kg) 

were taken from each layer and analyzed separately. The samples were brought to the laboratory on 

the same day. Prior to the soil analysis, except for dehydrogenase (DH) activity  and fluorescein 

diacetate hydrolysis (FDA), all the soil samples were air-dried, sieved (<2mm), and visible roots were 

removed.   

Particle size analysis was detected following Bouyoucos [14] method; pH was measured in distilled 

water and in 1 M KCl using a 1:2.5 (soil:water) suspension; organic carbon (OC) was determined by 

dichromate oxidation, following the method of Walkley and Black[15]; soil total nitrogen (TN) was 

measured by the method of Kjeldahl [16]; electric soil conductivity (EC) was measured in distilled 

water using a 1:2.5 (soil:water) suspension by using a conductometer. Phenols were extracted with 

distilled water, 1:10 (w/v) [17]. Total water-soluble phenols (WSP) were measured by using the Folin–

Ciocalteau reagent, following the Box method [18]. Tannic acid was used as a standard and the 

concentration of water-soluble phenols was expressed as tannic acid equivalents (mg TAE/g dw) [19]. 

FDA hydrolysis reaction was determined according to the methods of Adam and Duncan [20]. 

Dehydrogenase (DH) activity was determined by the method of von Mersi and Schinner [21]. 

Leaves of B. incana were homogenized in a chilled mortar with distilled water at a ratio of 1:4 

(leaves/water; w/v) and centrifuged at 14000 g for 30 min. All steps were performed at 4 °C. The 

supernatants were filtered through two layers of muslin cloth and were used to determine the total 

antioxidant capacity by the spectrophotometric method of Prieto et al. [22]. Chlorophyll a and b 

content, expressed in µg/g fresh weight, was determined following the method of [23]. Total phenolic 

content was determined with the Folin–Ciocalteu reagent according to a modified procedure described 

by Singleton and Rossi [24]. Carotenoid content was determined according Lichtenthaler [25].  

All variables analyzed were first tested for data normality by using Shapiro- Wilk’s test. All data were 

analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test at 

a 95% confidence level. All data collected were statistically analyzed using SYSTAT 8.0 software. 

3. Results 

Tables 1 summarizes physical, chemical and biochemical properties of the soils collected under B. 

incana vegetation.  

 

Table 1. Physical chemical and biochemical  properties of soil under B. incana vegetation: electric soil 

conductivity (EC, dS /m); organic carbon (OC %); organic matter (OM %); total nitrogen (TN %); 

carbon/nitrogen ratio (C/N); water-soluble phenols (WSP, mg TAE/g dw); Dehydrogenase (DH, µg 

TFF g-1h-1); Fluorescein diacetate (FDA µg fluorescein g-1h-1). Different letters in the same column 

indicate significant differences p≤0.05. 
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pH was lower at the soil surface than at the depth. pH (H2O) was slightly alkaline ranging from 7.94 to 

8.12. pH (KCl) ranged from 6.86 to 7.31, and it was consistently less than that measured in H2O. Soil 

had a sandy texture, an EC lower than 1 dS/m, and a low content of organic matter and total nitrogen. 

The C/N ratio increased with increasing soil depth. DH and FDA hydrolysis activities were higher in 

the surface layers. The greatest amount of WSP was detected in the surface layer. The plants measured, 

in mean, 40 cm (data not shown). The amount of total chlorophyll and chlorophyll a was low as well 

the Chlorophyll a and b ratio and carotenoids.  
 

Table 2.  Content of antioxidants, chlorophylls, carotenoids and total phenols  in leaves of B. incana. 

Anthocyanins 

μg 

anthocyanin  

gr
-1

 FW 

Chlorophyl

l a 

mg 100 

gr
-1

FW 

Chlorophyl

l b 

mg 100 

gr
-1

FW 

Chl Chla/Chl

b 

Carotenoid

s 

mg gr
-1

 FW 

Total 

Phenol

s 

µg 

TAET 

g
-1

 FW 

Total 

Antioxidan

t 

capacity 

(µg 

tocopherol 

ml
-1

) 

2.4 94.7 60.6 117.2 1.56 8.0 4342 462.0 

Conversely a great amount of phenols was detected in leaves of B. incana the total antioxidant 

capacity was  high too (Table 2). 

4. Discussion 

The loss of genetic variability represents not only the loss of wild germplasm but also the loss of 

evolved landraces resulting from the interaction of environmental selection with the genes present in 

both wild and cultivated populations [26]. The Brassica genus has not been an exception and, in 

particular, conservation of wild Brassica species has been a high priority [27]. During the 1970s, wild 

germplasm of Brassica was extensively collected and cytogenetic studies were started. Intensive 

efforts were made in the last decades to search and collect this material that, otherwise, would be 

irreversibly lost [28], [29]. After 1970s, the introduction of the concept of biodiversity was a strong 

support for many improvements in ex situ and in situ conservation strategies. Brassica wild relatives 

are valuable sources of genes for crop improvement [27]. They have been widely used since more than 

one century to increase resistance/tolerance to biotic and abiotic stresses in several cvs. Recently they 

have been used to increase nutritional value in edible parts like enhancing proteins or vitamins content. 

Conservation of species involves the selection of accessions to be conserved and the maintenance of 

these accessions for current and future users by regeneration. Decisions concerning both these aspects 

require specific knowledge of the environment, and soil characteristics where the species naturally 

grows and also physiological and biochemical knowledge of the species. Our results evidenced that B. 

incana was less high than the Sicilian B. incana [27] suggesting that is spread in sandy eroded soils 

with low amounts of organic matter not for choice but almost forced by climatic changes and human 

interventions that allowed other plants to take over confining this species to marginal places where 

other plants difficulty grow and/or animals hardly access to use this species as fodder. Thus, B. incana 

used these sites as shelters for own survival and conservation. Data of biochemical traits of this 

accessions supported this hypothesis. Plant secondary metabolites and pigment synthesis display an 

important role in the adaptation of plants to their environment [30], and generally low pigment 
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synthesis has been proven to be the consequence of hexogen stress, senescence or adaption to 

changing environments [31]. In this sense, plants to maintain a balanced physiological state in the 

respective tissues conferring protection against environmental stresses [32]-[34] use chlorophylls, 

carotenoids, anthocyanins, and phenols. Our data evidenced that B. incana had a lower content of 

anthocyanins, chlorophylls, carotenoids, and total phenols in respect to data reported in literature [35]. 

All these data evidence that the properties of the soil in situ is not optimal for B. incana growth. Soil 

under brassica with a low amount of organic matter, nitrogen, FDA and DH, enzymes related to soil 

quality, induced low production of pigments and antioxidant compounds, affecting health-properties in 

B. incana. A negative linear relationship between the amount of photosynthetic pigments, antioxidant 

compounds, organic matter and quality of soils and a positive linear relation between leaf phenols and 

amount of organic matter, and soil enzyme activities was observed. In short, these data demonstrate 

the low fertility of soil in terms of organic matter and the scarce soil quality in terms of enzymatic 

activity and soil ecosystem functioning are the cause of genetic erosion risk and scarce propagation of 

B. incana [36], [37]. 

5. Conclusion 

Results from current study show that decrease in soil fertility (chemical and biological soil 

characteristics), caused by human interventions or environmental changes, can alter species 

distribution in a geographic area reducing plant its spread and causing erosion genetic risk. 

Additionally, soil biological properties can condition plant growth and metabolism, affecting the 

nutraceutical properties of a vegetal species. The results of this study support the idea of using early 

key leaf biochemical indicators (decrease in pigments and contemporary increase in total phenols) for 

investigating environmental constraints inducing species extinction, specifically in the case of 

brassicacae. Despite this progress, several areas of uncertainty remain to be investigated. 
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Abstract. In view of current problems of phytoremediation technology, this paper summarizes 

research progress for phytoremediation technology of heavy metal contaminated soil. When 

the efficiency of phytoremediation may not meet the demand in practice of contaminated soil 

or water. Effective measures should be taken to improve the plant uptake and translocation. 

This paper focuses on strengthening technology mechanism, which can not only increase the 

biomass of plant and hyperaccumulators, but also enhance the tolerance and resistance to 

heavy metals, and application effect of phytoremediation, including agronomic methods, 

earthworm bioremediation and chemical induction technology. In the end of paper, deficiencies 

of each methods also be discussed, methods of strengthening technology for phytoremediation 

need further research. 

1. Introduction 

Recent years had witnessed the expanding area of soil contaminated by heavy metal,owing to rapidly 

increasing of population, the unreasonable development and utilization of mineral resources, the rapid 

development of pesticide and applying chemical fertilizers, sewage irrigation and industrialization and 

so on[1].Toxic heavy metal can poses a serious threat to human health, due to bioaccumulation in 

humans and it can not be easily degraded , so the remediation of heavy metal contaminated soil is 

particularly important. 

Phytoremediation is an environmentally-friendly technology, using plants to remove heavy metal from 

contaminated soil[2]. It has advantages over physical and chemical remediation,such as permanent 

effect, cost-effective and secondary pollutant is easy to control. However, many factors limited the 

remediation efficiency in practice, such as :1)The majority of hyperaccumulating species discovered 
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so far have low biomass ,restrict to region or have a long remediation cycle. 2) They might be good at 

hyperaccumulating one metal, but be sensitive to other contaminant. 3)The roots of hyperaccumulator 

plants are generally shallow, and the ability to repair the deep soil is limited. 

Thus, it’s a important direction to enhance the efficiency of phytoremediation by strengthening 

technology. This paper mainly discusses how to improve plant biomass and accumulation of heavy 

metals from physical, chemical and agronomic measures. 

2. Agronomic Practices 

2.1. Use of Fertilization 

Fertilization can promote plant growth and biomass, and then increase the total amount of heavy 

metals accumulated in plants. It can change the form and activity of heavy metals, and then affect the 

absorption and accumulation of heavy metals in plants. In the study on fertilization of 

phytoremediation, nitrogen, phosphorus, potash, compound organic fertilizer and CO2 gas fertilizer are 

the most commonly used. 

Robinson[3] found that the application of nitrogen fertilizer could increase the biomass of 

Alyssumbertolonii ,which was nickel hyperaccumulator, by two times without decreasing its 

aboveground nickel content. However, the amount of fertilizer should be within a suitable range. 

Excessive application of fertilizer does not necessarily increase the accumulation of heavy metals in 

plants, but reduces the efficiency of phytoremediation[4]. Field trials conduced by Liao also showed 

that the soil remediation efficiency decreased from 7.84% to 6.63% when the phosphorus application 

rate was 340 kg/hm
2
 and 600kg/hm

2
. 

Application of CO2 fertilizer in phytoremediation, can not only enhance the resistance of plants to 

pollutions, improve plant biomass, but also enhance the plant absorption of heavy metals and other 

pollutants,or even induce the plant turn into hyperaccumulator, furthermore, improve the absolute and 

relative efficiency of plant extraction technology in heavy metal soil. Study has demonstrated that 

doubling CO2 fertilizer under drought stress can significantly improve photosynthetic efficiency and 

antioxidant enzyme activities of wheat to increase heavy metal resistance. The soil test by Tang shown 

that[5] , elevating CO2 concentration is not only beneficial to improve the ability of India mustard and 

sunflower to resist copper stress, but also significantly enhance their aboveground biomass, besides, 

induce the accumulation of copper in these two plants. 

2.2. Use of other Agronomic Practices 

The mainly agronomic practices that can be employed to maximize phytoremediation potential include 

tillage, co-cropping, crop rotation and coppicing[6-8]. Tillage is beneficial to turning heavy metals 

into the rooting zone,where remediation takes place, which promotes the contact between plants and 

heavy metals, and improves the efficiency of phytoremediation. According to the study[9], rotation, 

intercropping or interplanting are beneficial to reduce the influence of weeds, diseases and insect pests 

on plant growth and development. In the study, zinc, cadmium hyperaccumulator S.Alfredii and 

ordinary plants (maize) were intercropped in remediation of heavy metal contaminated soil.Meanwhile, 

there was a certain economic output, reducing the cost of soil remediation. Therefore, the application 

of intercropping or interplanting more than 2 hyperaccumulators can improve the remediation 

efficiency. 
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3. Earthwarm Strengthen Repair  

Earthworms play an important role in agricultural production,it can also be used for phytoremediation, 

which is mainly reflected in two aspects: on the one hand, it can improve the physical and chemical 

properties of soil, develop soil fertility, and enhance plant biomass; on the other hand, earthworms 

may have direct or indirect effects on the bioavailability of heavy metals in soil while feeding, site 

preparation and excretion. Studies also found that earthworm activity in red soil can not only reduce 

pH value, but also significantly increase the extractable zinc content of DTPA, thus promoting the 

absorption and accumulation of plants[10]. 

4. Chemical Induction Technology  

Most of the heavy metals in soil are difficult to be absorbed by plants. Chemical remediation 

agents,such as chelating agent, alkali substances, plant nutrients, ions material, plant hormones, humic 

acid, surface active agent, can increase the tolerance of plants to heavy metals and improve their 

ability to restore heavy metals[11]. This paper focuses on the chelating agent and pH regulator on 

Phytoremediation enhancement. 

4.1. Organic Chelating Agent 

The chelating agent can react with the heavy metal, which can be activated and improved its 

bioavailability. Further more ,the reaction can increase the uptake and transition of heavy metals by 

plants. Piechalak[12] reported that with the treatment of EDTA , in the soil content 200 mg/kg Pb,the 

accumulation of Pb in pea was increased by 67% compared with the control. 

Despite the addition of chelating agent can maximize the effect of phytoremediation, there are 

potential environmental risks and disadvantages.The concentration of chelating agents is too high, 

which can cause toxicity to soil microorganisms and plants, inhibit the growth of plants, and cause 

heavy metal leaching and infiltration to groundwater, leading to groundwater 

pollution[13],[14].Therefore, the practicability and feasibility of chelating agents are still worth further 

study. 

4.2. Acid-Base Regulator 

The change of soil pH will directly affect the fraction and activity of heavy metals in soil. The use of 

pH regulator (elemental sulfur and calcium hydroxide), hyperaccumulator Thlaspicaerulescens at pH 

5.84, the zinc and cadmium absorption reached the maximum with the increase of pH, Thlaspi 

enrichment of zinc and cadmium content decreased .Adding citric acid, malic acid and other low 

molecular weight organic acids in heavy metal contaminated soil, can promote the accumulation of 

heavy metal in plants, desorption in soil at the same time. And the degradation of organic acids in the 

soil as the final product are carbon dioxide and water, which are not prone to residue. 

5. Other Strengthening Techniques and Measures 

With the rapid development of molecular biology, genetic engineering technology, the metal chelating 

agent, metallothionein (MTs), phytochelatins (PCs) and heavy metal transporter genes can be 

transfered into hyperaccumulator, which will effectively increase the extraction plant of metal. Besides, 

the biomass of phytoremediation , tolerance and resistance to heavy metals can be improved 

simultaneously thanks to the transgenic technology[15]-[17]. 
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In addition, inoculation of rhizosphere micro-organisms in heavy metal soil is also widely used. Soil 

microbial species, a large number of some rhizosphere microorganisms could change bioavailability of 

soil heavy metal through metals oxidation-reduction, or by the secretion of biosurfactant, organic acids, 

amino acids and enzymes to improve the biological availability of heavy metals in the root 

environment, promoting the growth of plants. 

6. Perspectives and Suggestion   

Though many achievements have been made in strengthening technology for phytoremediation of soil 

contaminated by heavy metals, in recent years, the study of these technologies needs further expansion. 

The following aspects should be carried out in the future: 

1)The molecular mechanisms of the uptake, translocation, accumulation and detoxification of heavy 

metals in hyperaccumulator are still to be studied. 

2)The specification of hyperaccumulators is having a strong enrichment effect of one kind heavy metal, 

which was limited to remediate contaminated soil which was usually caused by a variety of heavy 

metals.We should study on how to create plants that rich in heavy metals at the same time by means of 

genetic engineering. 

3)Use of chelators and chemical surfactants, which have been shown to be toxic and can leach into 

ground water or soil, may have undesirable environmental consequences.Thus, it is necessary to 

develop a kind of natural or artificial chelating agent, which is low toxicity, easy degradation, high 

selectivity and high efficiency. It’s better to combine with other strengthening techniques to maximize 

the efficiency of chelate induced. 

4) Currently, systematic full-scale field studies should be conducted to explore a feasible plant 

cultivation management measures.Optimizing fertilization technology and applying new fertilizers to 

improve soil environment, promote plant growth and heavy metal absorption, and improve the 

efficiency of phytoremediation. 

5)Study on the practice application of joint repair should strengthen various strengthening measures to 

jointly improve the phytoremediation of heavy metal contaminated soils. 

6)The recovery process of low content heavy metals in plants still needs further study, so that the 

biomass of phytoremediation can be properly handled and environmental risks will be reduced. 
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Abstract. Biomineralization is a natural process aided by living organisms. Due to its 

applicability in ground improvement and bioremediation, Microbially Induced Calcite 

Precipitation (MICP) is an interdisciplinary field of study combining engineering, chemistry 

and microbiology. Bioremediation has been applied widely for contamination containment or 

removal, in this case it will be containment. MICP can also be applied to improve the 

efficiency of insitu bioremediation.  Urease is an enzyme which can facilitate increased calcite 

precipitation. However the production of urease by bacteria and thus the resulting carbonate 

precipitation are inhibited by environmental factors including calcium concentration, bacterial 

concentration, pH and temperature. Under good conditions MICP can be used for heavy metal 

and radionuclide immobilization. However technologies such as bioconsolidation and 

biocementation require improvement such as time and cost. This paper highlights the 

application of MICP in addition to suggested improvements to make it more eco-friendly and 

sustainable. 

1. Introduction 

Microbial activity that alters the chemical environment favoring mineral formation is known as 

Biomineralization [1],  [2]. It is a natural phenomenon that leads to precipitation of more than 60 

different biological minerals that are formed through extracellular or intracellular pathways [3] . This 

occurs by a sequence of chemical reactions and physiological pathways which results in the 

precipitation of a range of different forms of solid mineral structure. 

2. Microbially Induced Carbonate Precipitation 

Microbially induced carbonate precipitation (MICP) is a biochemical mechanism which is driven by 

microorganism upon interacting with a chemical solution rich in calcium. Research in MICP has 

shown that microbially released CO2 interacts with the biomineralization solution favoring carbonate 

formation. The carbonate combines with the calcium ion (Ca
2+

) leading to the precipitation of calcium 

carbonate. In the last two decades, multiple mechanisms have been identified for the precipitation of 

calcium carbonate. The mechanisms include photosynthesis [4], [5], urea hydrolysis [1], [6]-[9], 

sulfate reduction [10], [11] and extracellular polymeric substances [12], [13]. Each mechanism 

promotes a different chemical pathway (Figure 1), all of which may be effective for mineralization. 

However, the precipitation of calcium carbonate by bacteria via urea hydrolysis is the most commonly 

exploited mechanism. 
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Urease activity is found in a wide range of microorganisms, one of the most commonly studied 

bacteria is Sporosarcina pasteurii. It is a soil, non-pathogenic and endospore producing, bacteria with 

an optimum pH for growth of 9.0 that can tolerate extreme conditions. Multiple studies have been 

conducted with Sporosarcina pasteurii for MICP [6], [8], [14]-[16]. Additionally, Achal, Mukherjee 

[17] developed a mutant strain (BP-M-3) of Sporosarcina pasteurii MTCC 1761 which resulted in an 

enhanced level of urease activity and carbonate precipitation compared to the natural type. The most 

important criteria to consider for the selection of a bacterial strain for biomineralization is its ability to 

synthesize active urease. However, a further consideration is that there are many pathogens among 

urease producing bacteria. For example, active urease producers includes Helicobacter pylori which 

infects the human stomach, and the opportunistic  human pathogens such as Proteus vulgaris, 

Staphylococcus aureus, and Pseudomonas aeruginosa [18]. 

 

 

Figure 1. Processes that generate supersaturated environments essential for carbonate precipitation 

modified from [23]. 
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Hammes and Verstraete [19] and Silva-Castro, Uad [20] reported that urease influences the chemical 

process associated with the formation of biominerals through four different factors; pH, dissolved 

inorganic carbon (DIC) concentrations, calcium concentrations and the availability of nucleation sites. 

The first three factors influence the carbonate ion concentration (CO3
2−

) while the last parameter 

promotes stable and continuous calcium carbonate formation [1], [21]. During the biomineralization 

process, bacteria commonly serve as nucleation sites for the precipitation of calcium carbonate. These 

four factors have a major influence on both ureolytic activity and calcium carbonate formation. Ca
2+

 

ions bind to the negatively charged bacteria surfaces, creating a favorable environment for Ca
2+

 

adsorption. Thus, Ca
2+

 ions bind more frequently onto the negatively charged cell surface of bacteria 

[22]. Bacterial cells are very important for the precipitation of CaCO3, because the bacteria both 

provide nucleation sites (heterogeneous nucleation) and affect the types of minerals being formed 

(Figure 2). Okwadha and Li [8] found that a high concentration of bacterial cells increases the amount 

of carbonate precipitation via MICP. This occurs because of the increase in the concentration of urease 

increasing the rate of urea hydrolysis. 

 

 

Figure 2. Schematic representation of Ureolysis in solution favoring MICP modified from [24]. 

3. Application towards Bioremediation 

There have been a wide range of developments in bioremediation in recent years and these 

developments have their associated challenges which must be addressed for this technology to reach 

maturity as an engineering tool. 

3.1. Removal of Heavy Metals and Radionuclides 

Given the current rate of urbanization and industrialization, heavy metals and radioactive waste 

released both into the atmosphere are into soils due to industrial processes have been observed 

accumulating in both in landfills and residential environments [25]-[27]. These accumulated heavy 

metals and radionuclides pose serious health problems for humans and other living organisms within 

the environment. Some heavy metals in small dosages are beneficial to humans, but the rate of 

industrial release can be very toxic to humans [28]. The mobility of the released heavy metal ions may 
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increase the seriousness of the threat to the lives of humans and effective methods need to be 

implemented to impede their transportation especially through groundwater [29]. 

Heavy metals including arsenic, cadmium and lead are commonly identified in most landfills at 

medium to high concentrations [26], [30]. Fu and Wang [28] proposed that heavy metals can be 

immobilized from the environment using MICP. However, heavy metal toxicity will also affect 

microbial growth and thus efficiency of MICP may be reduced; several researchers have identified and 

isolated heavy metal tolerant microbes with ureolytic capability from diverse environments which 

could improve the efficiency of the MICP process in contaminated ground [31], [32]. During the 

MICP process, calcium ions are added to a solution to precipitate calcium carbonate, in the heavy 

metal containment MICP process, calcium carbonates can also incorporate heavy metals (e.g., Cd and 

Pb
2+

) into their surfaces via substitution of suitable divalent cations (Ca
2+

) in the carbonate lattice, 

which alters the chemical form of these carbonates and alters the heavy metals from soluble to 

insoluble forms reducing their potential for toxicity. 

3.2. Removal of Radionuclides 

The disposal of radionuclide wastewater from commercial nuclear plants is a major issues associated 

with nuclear waste management because it is highly toxic to the environment, particularly to human 

health. Fujita, Taylor [9] assessed a pump and treat method, but it was unsuccessful at radionuclides 

removal from the contaminated environment. In such scenarios, MICP can be applied to immobilize 

the radionuclides safely from the environment. The basic process behind MICP method involves 

ureolytic microorganisms to precipitate CaCO3, this in turn leads to promote co-precipitation of 

radionuclides by substitution of Ca
2+

 ion and formation of radionuclide carbonate minerals [9], [33]. 

3.3. Improvements Needed to Make MICP more Economical and Eco-Friendly 

MICP has a great potential for sustainable environmental remediation. However as MICP is still a new 

methodology in terms of engineering application, there are a few limitations which must be addressed 

prior to field implementation:  

1) MICP is not 100% environmentally friendly, as ureolysis plays a major role in precipitation 

generating by-products including ammonium and nitrate. These compounds are toxic and thus 

hazardous both to human health and to indigenous microbial consortia especially at high 

concentrations [34]. This limits its application for biocementation as ammonium present inside 

building materials have the potential to be converted into nitric acid by bacteria, which might decrease 

the bio-deterioration of materials. Ganendra, Muynck [35] found that replacing calcium chloride with 

calcium formate did not result in the release the ammonia to the air or produce nitric acid. More 

investigation and optimization is required to advance the process such that the volume/concentration 

of unwanted byproducts is reduced. Reduction of these byproducts would greatly improve the validity 

of the assessment that MICP is an eco-friendly treatment. 

2) MICP is a microbial process which greatly depends on temperature, pH, calcium concentration, 

DIC and the presence of nucleation sites [36]. This makes it a complex and time consuming process in 

comparison to the chemical process under standard environmental conditions. MICP has to be 

optimized for time effectiveness before it’s used for insitu applications. 

3) The economic limitations makes MICP less industrially friendly, as laboratory grade sources needs 

to be used. Since there’s a potential of inefficient MICP when using non-laboratory grade chemical 

reagents. Although alternative inexpensive nutrient sources for MICP such as lactose mother liquor 

have been implemented, consideration of a wider range of  alternative sources would provide a better 

assessment of its cost effectiveness [17]. In addition to this limitation, application of insitu MICP 

would require the generation of substantial volumes of chemical reagents and microbial solutions. 

Although recently indigenous bacteria capable of MICP are reported, more studies that are target 

specific need to be implemented to resolve this issue [9], [37], [38]. 

Given the discussion above, although studies of MICP have generated promising results, its 

application at the large scale is still challenging. This technology is however worth of further study, 

and the resolution of the issues outlined would promote its implementation as a replacement for less 

sustainable alternative methods.   
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Abstract. In the present study, a biosurfactant producing bacterial strain was isolated, screened 

and identified. Further, various fermentation conditions (such as pH (5-10), incubation period 

(24-96h) and incubation temperature (20-60 
o
C)  were optimized for maximum production of 

biosurfactant. The produced biosurfactant was characterized by measuring emulsification index, 

foaming characteristics, rhamnolipid detection, interfacial tension between water and oil and 

stability against pH and temperature for its potential application in oil recovery process. The 

additional oil recovery for two different sand, sand1 and sand2, was found to be 49% and 38%, 

respectively. 

1. Introduction 

The percentage of oil remaining in a reservoir varies from field to field. However, in a recent study, it 

was found that 65% of the original oil in place (OOIP) was left behind after primary and secondary-oil 

recovery processes
 
[1]. In general residual oil can be recovered by three EOR technologies i.e. thermal, 

miscible and chemical enhanced oil recoveries (CEOR). Among these, CEOR is one of the most 

common methods of EOR. This method involves the recovery of residual oil by using different types 

of chemical formulations which are capable enough in reducing mobility ratio and/or increasing 

capillary number when injected in the reservoir as displacing fluid. Use of chemical surfactant for this 

purpose is one of the common method [2]. But, chemical surfactants are having many disadvantages in 

environmental as well as application point of view. They can be hazardous, non biodegradable, toxic 

to the environment, and costly compounds [3]. Moreover, with these compounds achieving the ultra 

low interfacial tension (i.e. less than 10
-3

 mN/m), which is one of the basic requirement for EOR, is 

one of the big challenges in the field of EOR. Because, the interfacial tension (IFT) between water and 

oil is directly related with the capillary forces and high capillary force resulted into the entrapment of 

the oil in the porous matrix of the reservoir [4]. 

From literature it was found that various articles are available on MEOR from 2008 onwards, using 

biosurfactants produced from various microorganisms (Table 1) but still there is a scope in achieving 

the desired characteristics of interfacial tension comparatively more nearer to ultralow level (i.e. 10
-3

 

mN/m) and improving the MEOR by reducing the capillary forces for channelizing the flow of oil 

through the porous matrix of the reservoir. For this purpose, an effort has been made to replace 

chemical surfactant with the eco-friendly bio-surfactant, which is produced ex-situ from an isolated 

bacterial strain, characterized in terms of interfacial tension and used for the application in microbial 

enhanced oil recovery. 
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Table 1. Literature Review on MEOR 

Microorganism 

for MEOR 

Oil 

Recovery 

(%) 

Reduction 

in Surface 

tension 

(ST)/IFT 

Reference 

Bacillus subtilis 

PT2 and 

Pseudomonas 

aeruginosa SP4 

61.62 and 

57.07, 

respectively 

ST= 26.4 

and 

28.3mN/m, 

respectively 

[5] 

Bacillus 

amyloliquefaciens 

BZ-6 

88% from 

oily sludge 

- [6] 

Bacillus subtilis - ST=30 

mN/m 

[7] 

Bacillus subtilis 

B20 

9.7 ST=25 

mN/m, IFT 

= 5.02 

mN/m 

[8] 

Bacillus subtilis 

B30 

light 

oil=26, 

heavy 

oil=31 

ST=26 

mN/m, 

IFT=4 

mN/m 

[9] 

Pseudomonas sp. 

SWP- 4 

24 ST=22.7 

mN/m 

[10] 

Pseudomonas 

aeruginosa Pa4,  

Escherichia coli 

9.96 and 

12, 

respectively 

IFT= 32.39 

mN/m and 

27.39 

mN/m, 

respectively 

[11] 

Pseudomonas 

putida 

26.1 IFT=2.5 

mN/m 

[12] 

 

2. Experimental Procedure  

Please follow these instructions as carefully as possible so all articles within a conference have the 

same style to the title page. This paragraph follows a section title so it should not be indented. 

2.1. Materials and Methods  

The sample collection was aimed for isolation of biosurfactant producing organism. For this purpose, 

the soil sample was collected near automobile garage in Udhana, Surat-Gujarat analyzed for isolation 

of oil degrading microorganism. The temperature of the soil was around 28 °C and pH 8.0. Bushnell 

Hass Mineral Salts (BHMS) medium (purchased from Himedia, Mumbai, India) was used for the 

isolation of hydrocarbon degrading bacteria. The pH was adjusted to 7. The BHMS medium was 

supplemented with 1% (v/v) used engine oil as the sole carbon source [7]. For MEOR experiment, 

paraffin liquid light oil (Finar Chemicals) was used asthe oil phase. Sodium chloride (99%) for salinity 

and Cetyl trimethylammo-nium bromide (CTAB) (99%) for rhamnolipid detection, were purchased 

from Sigma-Aldrich(India). All other chemicals like HCl and NaOH used were of analytical grade. All 
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the solutions were prepared in demineralized water. Interfacial tension was estimated between oil 

(light paraffin oil) phase and water with different concentrations of the produced biosurfactant using a 

KRUSS-T9Tensiometer (Germany), (Du-Nuoy ring method) under atmospheric pressure. 

2.2. Experimental Setup  

All fermentation experiments were performed in 500 ml conical flasks. MEOR experiments were 

performed in 60 ml syringes, packed with two types of sand (calcite (sand 1) and silicate (sand 2)). 

Four sets were prepared for two different samples among them one served as control for each sand 

sample. For this test each syringe was packed with sterile sand 40 gram and was packed tightly using 

syringe plungers. The end nozzle was temporarily sealed. The experiment was carried out at 30°C. 

The syringe system was flooded with water at a constant flow rate 1ml/min. Pore volume (PV, ml) 

was calculated using following equation: 

    
                                                           

                
 

Porosity(%) of the system was measured by dividing the PV by the total volume of packed syringed 

with sand(20ml). In the Second step, the paraffin oil was injected into the system to replace water in 

all the syringe, until there was no water coming out from the nozzle in effluent. Original Oil in Place 

(OOIP) was calculated as the volume of paraffin oil retained in the system. Thus from this Initial Oil 

saturation (Soi, %) and initial water saturation (Swi, %) were calculated by following formula: 

    
    

  
     

    
       

  
     

Following step was to stabilize the system for 24 h and was flooded again to remove out the excess oil 

until no more paraffin oil was observed in the water effluent. Oil recovered after flooding (Sorwf,ml ) 

was determined using volumetric flask. Residual oil saturation (Sor, %) was calculated as follow: 

    
          

    
     

Finally, the residual oil in the system was supplemented with the supernatant containing biosurfactant 

and for control only BHM broth was utilized. This system was maintained at 30°C for 48 h at shaker 

with 100rpm. After incubation the system was again flooded to recover the oil. The recovered oil was 

measured volumetrically and denoted as Sorbf(ml). 

The Additional oil recovery (MEOR) was calculated as follow: 

     ( )  
     

          
     

2.3. Characterization and Identification of Isolate and Biosurfactant  

The isolated microorganisms were identified by standard gram staining, motility test, colony 

characterization of isolates, biochemical characterization of isolates and Molecular identification by 

16s rRNA sequencing and the produced biosurfactant was characterized by performing emulsification 

index E24 test, Foaming test, rhamnolipid detection and oil displacement test [13].  

3. Results and Discussion 

3.1. Isolation, Screening and Characterization of Biosurfactant Producing Bacteria  

All 14 isolates were screened with oil displacement test for biosurfactant production on used engine 

oil. Among these isolated 14 organisms, 2 showed oil displacement and formed a clear halo. 

Maximum oil displacement was seen in one of the isolates with halo diameter of 72 mm (Figure 1(a)) 

which confirmed its ability of producing biosurfactant and selected for further characterization, 

optimization and oil recovery experiments. 
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Figure 1 (a) Oil displacemnt zone of halo.  (b) Microscopic view of Gram stained isolated strain 

of bacteria. 

 

The isolated strain was found to be gram negative rod shaped and highly motile bacterial strain (Figure 

1(b)). Further, molecular identification was done using 16s rRNA sequencing. The obtained sequence 

was search for its similarity using nucleotide BLAST 2.2.31 (blastn) software. The identification was 

made evaluating maximum score obtained, coverage, expected Value, and percentage identity. The 

isolate was confirmed to be Genus-Pseudomonas species aeruginosa with 99% similarity. 

3.2. Effect of Incubation Period, pH and Incubation Temperature on Biomass and Biosurfactant 

Production  

To produce the maximum amount of biosurfactant from the isolated bacteria during the fermentation 

process, various parameters of the fermentation process needs to be optimized. In this regard, various 

series of experiments for the fermentation of isolated strain were performed at different conditions of 

different process parameters like pH (varied from 5-10), temperature (varied from 20 
o
C to 50 °C) and 

time-period (varied from 24 to 96 h) for production of biosurfactant. For this purpose, the culture was 

inoculated with the inoculums size of 3.9 × 10
7 

CFU/ml  in BHM broth supplemented with 0.1M 

Glucose as a sole carbon source and the parameters were optimized by measuring biomass  (dry 

weight) and oil displacement. The results of these experiments are shown in Figure 2. These results 

indicate that the biosurfactant synthesized from the isolated bacterial strain occurred predominantely 

during the exponential growth phase, suggesting that the biosurfactant was produced as primary 

metabolite accompanying cellular biomass formation (growth-associated kinetics) [14]. Based on 

these experiments, the optimum parameters for the maximum production of biosurfactant were 

attained by incubating 3.9 × 10
7 
CFU/ml  of the inoculum, upto the incubation period of 96 h at 7.0 pH 

and 37 
o
C. 

3.3.  Characterization of Crude Biosurfactant for Its Application in Enhanced Oil Recovery 

In order to check the applicability of the produced biosurfactant, it is necessary to characterize it in 

terms of emulsification index (E24), foaming, rhamnolipid detection and interfacial tension at different 

conditions (pH, salinity, high temperature and pressure). The method of determining these 

characteristics are described elsewhere [13]. The results of these experiments are shown in Figure 3.  

The interfacial tension was measured against paraffin oil. A significant reduction (98% with respect to 

water) in the interfacial tension (nearer to ultralow) between water and paraffin was observed using 

the produced biosurfactant, which is desirable for the application enhanced oil recovery. Recently, 

minimum reduction in interfacial tension using conventional surfactant (CTAB) and ionic liquid 

surfactant (C16mimBr) achieved were 7.7 mN/m and 3.8 mN/m, respectively [15]. 
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Figure 2. Effect of (a) incubation period with pH 7 and at 37 
o
C of incubation temperature, (b) pH at 

96 h of  incubation period and 37 
o
C of incubation temperature and (c) temperature at pH of 7 and  96 

h of incubation period, fermentation and biosurfactant production. 

 

 

Figure 3. Emulsification index E24 and Foaming detection of the biosurfactant produced from the 

isolated strain. 
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3.4. MEOR Column Assay 

Biosurfactant produced by the isolated strain was used in this assay and have high potential in 

decreasing surface tension in varied pH, high temperature and pressure. It shows a significant 

reduction of interfacial tension between water and light paraffin oil. Thus, it shows good potential for 

its utilization in MEOR. The additional oil recovery for sand1 and sand2 was measured after nullifying 

the control volume and was found to be 49% and 38%, respectively.  This shows that the biosurfactant 

produced from isolated strain is highly efficient for MEOR. 

4. Conclusions 

The isolated strain was biosurfactant producing organism and indentified as Genus-Pseudomonas 

species aeruginosa.                                                                        

biosurfactant produced by the isolate was detected as rhamnolipid and having significant reduced 

interfacial tension with good stability at harsh condition of the reservoir. The results show that the 

produced biosurfactant is highly efficient for MEOR. 
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Abstract. In this paper, an optimisation algorithm is used to simulate the management of 

distributed energy resources in an academic building. This optimisation algorithm, called 

DEROP, consists of an iterative procedure reach a supply schedule with the minimum energy 

cost. The inputs to the algorithm are the demand forecast, the availability of each resource, the 

level of storage in energy storage systems and prices and efficiencies of each resource. With 

these data, the algorithm proposes the optimal schedule to minimise costs of energy supply. 

The main advantages of this algorithm are that it is fast, easy to be implemented in real 

buildings and flexible. The algorithm is simulated with real data to optimise management of 

distributed energy resources and energy storage systems in an academic building. The 

management of these resources is optimised for a tariff with hourly discrimination and for a 

tariff with no time restrictions. One of the main conclusions drawn from these simulations are 

that significant savings are obtained with this algorithm. Also, DEROP allows taking 

advantage of tariffs with hourly discrimination, even in an academic building with low night-

time consumption in which, a priori, these tariffs are not profitable. 

1. Introduction 

In order to minimise the dependence on fossil fuels, new energy resources are being integrated in 

energy systems [1], such as renewable energy sources (RESs) – wind, solar, biomass and so on – and 

energy storage systems (ESSs). With the increase of RESs, optimal management and control of all the 

available resources is a key issue to be addressed and many research studies have been developed over 

the past years [2]. This is usually studied from the perspective of energy generation facilities [3]. 

Nonetheless, a perspective of final customers with distributed generation (DG) and ESSs [4] might 

provide better optimisation results. This perspective is focused on facilities with multiple energy 

sources, ESSs and loads, which are widely called energy hubs. 

From the perspective of end users, optimal management of their available resources consists of 

controlling all energy flows in their facilities (between power grid, DG resources, ESSs and loads) to 

minimise the total energy costs. This requires robust energy control systems (with real-time data 

acquisition and processing from loads, generation resources availability, external variables such as 

temperature or wind speed, energy purchase prices, forecasts…) and sophisticated algorithms to 

achieve an optimal management of the available resources along the time. 

Several algorithms to optimise energy hubs’ operation have been proposed, such as in [5]. Some of 

them are focused on demand side management [6]. Others describe algorithms to achieve optimal 

management of DERs and loads along a day [7]. The main disadvantages of these algorithms are their 

complexity, the difficulty to implement them in a real facility and the fact that only linear functions 

may be used in most of them, as in [8]. Other works focus on sources management, such as [9]. 
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However, these works develop algorithms mainly suitable for microgrids, such as [10]. In this paper, a 

new algorithm for DERs optimisation in energy hubs, called DEROP, is used to minimise energy costs 

in an academic building. The inputs to DEROP are forecasts of demand and generation of each 

resource, initial level of charge in ESSs, prices and efficiency curves of each resource. From these data, 

DEROP calculates the optimal schedule for the energy hub using an iterative procedure. The main 

advantages of DEROP algorithm are that it is simple, fast and easy to be implemented in real buildings. 

Moreover, it is flexible, as it allows the use of non-linear functions for prices and efficiencies and 

users may add as many resources as needed. 

This paper is organised as follows. Section 2 describes DEROP algorithm and the scenarios to be 

simulated. Section 3 shows a simulation step by step. Section 4 shows of the simulated scenarios. 

These results are compared, analysed and discussed in this section. Finally, some conclusions to this 

work are drawn in section 5. 

2. Methodology 

As aforementioned, an energy hub is a building or a set of buildings with several generation resources, 

loads and ESSs. This concept is shown in Figure 1. The goal of DEROP algorithm is to find the 

optimal schedule to manage DG resources, ESSs and power grid in an energy hub, to achieve the 

minimum energy cost. In order to do this, DEROP consists of two stages. The first stage optimises the 

use of DG resources. It tries to maximise the usage of RESs, using ESSs to store surplus generation 

and discharging ESSs in the most expensive times to allow storing energy when needed. The second 

stage optimises the use of power grid and ESSs. To do this, ESSs are optimally managed to allow grid 

disconnections in the most expensive times and charge ESSs in the cheapest times. This process is 

illustrated in Figure 2. 
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Figure 1. Energy hub concept to implement DEROP 

algorithm in order to optimise DERs management. 

 

The algorithm has been tested in an academic building, where loads cannot be managed. Real data of 

generation and consumption curves have been used to simulate an optimal management with DEROP. 
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These data correspond to wind and solar generation curves measured in the Laboratory of Distributed 

Energy Resources (LabDER) at Universitat Politècnica de València (UPV) and demand curves of a 

departmental building at UPV (building 5E) that has laboratories, classrooms, seminars and offices. 

Also, real prices have been downloaded from the System Operator’s website [11]. With these data, 

DEROP starts calculating total energy costs of an initial schedule (consisting of only power grid 

supply) and, through an iterative procedure, it creates new schedules that gradually decrease these 

costs until the last iteration, where no improvement can be made. 

The simulated energy hub corresponds to an academic building with a maximum demand of over 100 

kW, with solar panels and a wind generator (70 kW installed of each resource) and batteries (48 V and 

4000 Ah to store nearly 200 kWh). 

 

Start
Schedule S(0)

Energy supply from grid.
Calculate initial cost C(0)

Stage 1: Optimise RESs

Use ESSs to store surplus 
generation.

Replace grid by ESSs during 
the most expensive times if 

needed.

Stage 2: Optimise ESSs 
and grid

Disconnect grid during the 
most expensive times.
Charge ESSs during the 

cheapest times if needed.

End
Schedule S(f) Calculate final cost C(f)

If C(i+1)<C(i) then S(i+1) is 
accepted.

If C(i+1)≥C(i) then S(i+1) is 
rejected (undo last 

iteration).

 

Figure 2. DEROP algorithm diagram. 

 

A cost has been associated with each resource. In addition, each resource has its own efficiency curve. 

One of the main advantages of DEROP is its flexibility, since non-linear functions may be used for 
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both, costs and efficiencies. Furthermore, DEROP allows users to add as many resources as needed to 

optimise their management. 

To test the algorithm in different situations, the same curves have been used to optimise the 

management of resources with two different tariffs, i.e. a tariff with hourly discrimination (scenario A) 

and a tariff with no time restrictions (scenario B). 

3. Scenarios Simulation 

The described scenarios have been simulated using DEROP algorithm with real data. The simulation 

of scenario A is shown below. 

In this scenario there are RESs (wind and solar power) and an ESS (batteries). This scenario has an 

electricity tariff with hourly discrimination. The goal of this simulation is to maximise the use of RESs 

and manage ESSs usage to minimise overall energy costs, using DEROP algorithm. 

At the beginning of the simulation, in iteration i=0, the initial schedule S
(0)

 consists of using grid 

supply for the entire simulation period (one day). Energy costs in this iteration are € 97.14, with a total 

demand of 1033.78 kWh. The associated emissions are 257.6 kg of CO2. 

In the 1st iteration the available RESs are used and surplus generation is used to charge ESSs. The 

result of this step is shown in Figure 3. The total cost of supplied energy in this case is € 78.02 and the 

total emissions are 186.3 kg of CO2. 

To complete the 2nd iteration DEROP algorithm looks for interval the [tj,tj+1] with the highest 

purchase price (which takes place during the interval 19:00-19:15) and grid supply is disconnected 

during that time interval. To perform this simulation the selected step size is 15 minutes, although the 

smaller step sizes, the more accurate results may be obtained (for example, a step size of one minute 

could be used). As a result of this iteration the energy cost has decreased until € 75.28 and total 

emissions are 181.3 kg of CO2. In the next iterations new grid disconnections are scheduled in 

expensive intervals, until a moment when battery is not able to meet demand. In iteration i=6, if a new 

fraction of grid supply is disconnected (during the interval 20:00-20:15) battery cannot meet demand 

during that interval and supply failures take place at that time. At this point, the total cost of energy 

has been reduced to € 66.88 and total emissions have decreased up to 166.0 kg of CO2. Therefore, to 

complete iteration i=7, a fraction of grid supply is disconnected during 20:00-20:15 and ESS is 

charged during the cheapest interval (during 04:00-04:15). The result of this iteration is a total cost of 

€ 65.12 and overall emissions of 164.2 kg of CO2. 

Continuing with this procedure the optimal situation is reached in iteration i=28, when there is no 

available time interval to disconnect grid supply charging batteries in previous intervals to meet 

demand and obtain an economic benefit. This situation is shown in Figure 4. In the final situation, the 

total cost is € 55.97 and the total emissions are 160.8 kg of CO2. 

4. Scenarios Results and Ddiscussion 

Table 1 shows the final results of both scenarios. DEROP allows great savings in energy costs in both 

scenarios. However, DEROP allows lower energy costs in scenario A, where the initial costs are 

higher. This shows that even in a facility where a tariff with hourly discrimination is not expected to 

be profitable, DEROP takes advantage of ESSs and allows greater savings. Furthermore, DEROP 

optimises scenario A faster than B (28 iterations instead of 31). The conclusion is that DEROP works 

faster with tariffs with hourly discrimination and it achieves better results in this case. This can be 

observed in Figure 5, which shows the evolution of costs throughout the simulation of both scenarios. 

This algorithm has been coded in Matlab and each simulation takes just a few seconds, which supports 

the quickness of the developed algorithm. 
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Figure 3. First iteration in scenario A. 
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Figure 4. Simulation results in scenario A (tariff with hourly discrimination). 

 

Table 1. Simulation results comparison between both scenarios. 

 Scenario A Scenario B 

Cost (€) 55.97 61.14 

Initial cost in S
(0)

 (€) 97,14 96,82 

Savings compared to S
(0)

 (%) 42.38 36.85 

Emissions (kg CO2) 160.80 162.00 

Emissions reduction compared to S
(0)

 (%) 37.57 37.10 

Solar generation (kWh) 191.67 191.67 

Wind generation (kWh) 133.33 133.33 

Demand (kWh) 1033.78 1033.78 

Power grid supply (kWh) 669.41 669.57 

Grid supply savings compared to S
(0)

 (%) 35.25 35.23 

Number of iterations (N) 28 31 
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Figure 5. Evolution of costs in both scenarios. 

 

5. Conclusions 

In this paper, an optimisation algorithm for DERs management (DEROP) to reach the minimum 

energy cost in an energy hub is shown. 

This method consists of an iterative procedure that uses data related to demand and generation 

forecasts for each resource, prices of each DER and initial charge state of ESSs to calculate optimal 

allocation of DERs in an energy hub. 

The algorithm has been described and it has been tested in an academic building using real data of 

prices, demand and generation curves. To test it under different situations, the same building has been 

optimised with two types of tariff, a tariff with hourly discrimination (scenario A) and a tariff with no 

time restrictions (scenario B). 

The operation of this algorithm in the described scenarios has been shown and the results have been 

analysed. The simplicity and speed of the presented method must be emphasised. By analysing both 

scenarios, some interesting results have been observed, such as the great savings that DEROP can 

reach and the positive impact of these savings both on costs and on emissions. More interestingly, the 

simulated facility, with low night-time consumption, has higher energy costs with tariffs with hourly 

discrimination, but thanks to DEROP, an optimal management of DERs allows a final cost 8.46% 

lower in scenario A than in scenario B. This demonstrates the great capacity of DEROP to optimally 

manage DERs and to take full advantage of the different tariffs. In addition, it has been demonstrated 

that DEROP is faster with tariffs with hourly discrimination. 

The main advantages of DEROP have been proved with the simulated scenarios. DEROP is simple (its 

operation has been carefully described in a real example, showing the performance of each iteration), 

it is fast (each simulation takes just a few seconds when it is coded in Matlab), it is flexible (it allows 

adding as many resources and constraints as needed, in addition to using non-linear functions for costs 

and emissions) and it is easy to be implemented in real facilities, as it uses data that can be easily 

gathered with an energy management system. Moreover, DEROP allows great savings in real facilities 

through optimising the schedule of DERs and ESSs. 

As a final comment, the developed algorithm could be used with other purposes such as minimising 

CO2 emissions or optimal schedule of maintenance tasks. In addition, the methodology described in 

this paper might be used to define the size of RESs and study their amortisation in real facilities. 
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Abstract. This study investigates the performance of a packed bed membrane reactor in the 

transesterification process of triglycerides to methyl ester using soyabean oil as feedstock. A 

TiO2/Al2O3 ceramic microporous membrane was selected due to its chemical inert nature and 

thermal stability to selectively remove the product from the reaction medium. CaO 

impregnated on the surface of activated carbon was packed into the membrane and acted as 

catalyst. The synthesized catalyst had a total loading of 40.50 % and was characterized by 

XRD and temperature-programmed desorption of CO2 (CO2-TPD). The crude biodiesel 

produced was micro-filtered by the ceramic membrane with a pore size of 0.02 μm to retain the 

unreacted oil and free glycerol, at the transmembrane pressure of 100 KPa. The best condition 

was achieved with a temperature of 65 
o
C, methanol/oil molar ratio of 6:1 for 150 minutes, 

which resulted in the highest FAME yield of 94 %. Methyl ester produced met the ASTM 

D6751 and SANS 1935 specifications. The product obtained was mainly composed of methyl 

esters. Glycerol was not detected in the product stream due to the ability of the membrane to 

retain the glycerol and the unreacted oil in the medium, which solved the issue of glycerol 

separation from biodiesel.  

1. Introduction 

The continuous exploration of sustainable energy resources has become a global challenge. Biofuel 

has been identified as one of the most favorable renewable energy sources with great potentials to 

solve issues relating to global fossil fuel addiction. Biofuels are sustainable, biodegradable and 

environmentally friendly. Currently, biodiesel is gaining considerable recognition as a sustainable 

renewable energy source because it is renewable, non-toxic and eco-friendly [1]-[3]. 

This biofuel has several benefits over conventional fossil fuels, and some of them include cleaner 

engine emissions, renewability, and better lubricating properties, which makes it a good alternative 

fuel [4]. Biodiesel can be produced from various sources such as vegetable oil (canola, soybean and 

sunflower oil), non-edible oils (Jatropha curcas, rapeseed oil) and used vegetable oil [5]-[8]. 

Biodiesel is mostly produced in the conventional way using homogeneous base catalysts such as 

sodium hydroxide or potassium hydroxide. Acid homogeneous catalysts have also been used but the 

rate of reaction is slow compared to the base catalyzed reaction. Homogeneous processes have many 

shortcomings such as further separation of the catalyst from the reaction mixture, generation of large 

amounts of wastewater during the separation and purification of the product, and formation of soap 

due to the reaction of the alcohol with the free fatty acid present in the reaction medium [9]. Baroutian 

et al. [10] stated that biodiesel produced using KOH as the catalyst generated a high yield of the 

product but an additional process such as purification of product and treatment of wastewater 

generated was further needed. Previous research conducted by Saleh et al. [11] showed that for each 
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litre of biodiesel produced, about 10 litres of wastewater is generated and the treatment invariably 

increased the cost of production.  

Biodiesel may be regarded as a suitable sustainable energy with many advantages but still seems less 

attractive due to its cost as compared to fossil fuel. In other to make biodiesel more competitive and 

attractive to users a better approach which eliminates the various challenges associated with its 

production such as immiscibility of reactants, separation of the product, further purification of product 

and wastewater generation has to be provided. One of such approaches involves the use of membrane 

separation technology to explore some of the challenges encountered by using homogeneous 

transesterification. 

Membrane separation technology has been extensively used in wastewater purification by various 

researchers because of its ability to carry out the separation of different components in a single process 

stream based on their molecular weight. In this process, reaction and separation take place within a 

single unit and therefore eliminates the need for a further purification step. Membrane reactors have 

the ability to selectively remove the product from the reaction mixture by allowing the component 

with lower molecular weight to pass through its pores while higher molecular weight components are 

rejected. This method also allows for proper contact between the immiscible reactants and catalyst and 

as a result, a higher yield of the product can be achieved [12].  

South Africa is known to be a water scarce country and the use of membrane technology to produce 

biodiesel will help to conserve water for other purposes as it will eliminate the use of water for 

purifying the product and makes the environment free from pollution. Baroutian et al. [10] had 

previously explored this technology, using potassium hydroxide as catalyst and palm oil as feedstock. 

However, the problem of membrane selectivity remains, which this study aims to address. 

Furthermore, a comparative study using a different feedstock and catalyst is essential for affirming this 

technology for the production of biodiesel. 

In this study, a packed bed membrane reactor was used to produce FAME. The combination of 

heterogeneous alkali transesterification and triglyceride separation in the packed bed membrane 

reactor was employed. The advantage of this new process is in the simplification of the refining steps. 

The ceramic membrane is a filter medium composed of inorganic oxides, which permeate liquids 

through pores and separate out solid matters by retention. Ceramics have high permeability, good 

separation i.e. sharp cut-off value and long lifetime. Ceramic membranes offer more advantages over 

the polymeric membranes and these include; high chemical resistance, high thermal stability, and high 

durability. The chemical stability makes possible, the utilization of chemically aggressive cleaning 

methods. Furthermore, the thermal stability enables the use of steam and high temperatures during its 

operation [10]. 

For this purpose, a tubular ceramic (TiO2/Al2O3) membrane was used as reactor and separator because 

of its high thermal stability. The tubular membrane was packed with calcium oxide catalyst supported 

on activated carbon. Among the available supports [13] [14] activated carbon has proved to be highly 

effective as a catalyst support that can be used in the transesterification process. Activated carbon has 

a large surface area, inert carbon skeleton, good physical/thermal stability and it can be locally 

produced at low cost.  

Thus, the objective of the present study is to evaluate the applicability of using a packed bed ceramic 

membrane reactor to separate biodiesel from the reaction medium by analyzing the permeate flux and 

the quality of the product obtained. The influence of process parameters on the performance of the 

reactor was also evaluated.  

2. Experimental 

2.1.  Materials 

Soybean oil was purchased from a local market. Methanol (99.8%) was supplied by Laboratory 

supplies co., South Africa. Pure calcium oxide (98.9%) was used as a catalyst for transesterification 

and was obtained from associated chemical enterprises, South Africa and the activated carbon granules 

used as the catalyst support in this study was purchased from the same company. 
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2.2.  Reactor Setup 

Figure 1 shows the experimental setup for the biodiesel production. A tubular ceramic membrane 

(Atech Innovations Gmbh, Germany) was used as reactor and separator. The length, inner diameter, 

outer diameter and pore size of the membrane were 1000 mm, 16 mm, 25.4 mm and 0.02 m, 

respectively. The filtration surface area for the entire membrane was 0.0201 m
2
. A Watson Marlow 

313S peristaltic pump (Cole-Parmer Instrument, USA) was used to feed the reactants into the system. 

The Chem-Durance chemical resistant pump tubing with a size of 16 (ID = 44 mm, OD = 2.36 mm) 

was used because of its ability to withstand the operation temperature. A shell and tube heat exchanger 

equipped with a hot water circulating bath was used as the heat transfer medium. Pressure gauges and 

thermometers were used to monitor pressures and temperatures of the system. Catalysts particles were 

packed inside the ceramic membrane and held in place using cloth screens attached to the upstream 

and downstream tubing. It was observed from the preliminary experiment conducted, that methanol 

and biodiesel molecules were able to pass through the membrane, which can be attributed to their 

smaller molecular sizes lower than the pore size of the membrane while the glycerol and unreacted oil 

go into the recycling tank. This finding quite differs from the result of the study carried out by 

Baroutian et al. [10] who recorded that product, by-product and methanol were able to pass through 

the membrane, which means the filtrate containing FAME, and glycerol needs a further separation 

process for pure FAME to be obtained and this can take several hours to be accomplished. Although 

the pore size of the membrane used for this experiment was 0.02m and may be the reason for the 

inability of glycerol to pass through. 

Oil tank

Methanol tank
Mixing tank

Circulating pump

Heat exchanger

Membrane reactor

Methanol recovery unit

P

Pressure
 gauge

chiller

Back pressure

 valve

Biodiesel tank

Figure 1. Schematic diagram of a membrane reactor for biodiesel production. 

2.3. Catalyst Preparation and Characterization 

The catalyst solution was prepared by dissolving the CaO in deionized water. Activated carbon was 

sieved to size range from 450 to 810 m, washed with deionized water to remove fines and dirt, oven 

dried at 100 
0
C for a day, cooled in a desiccator and stored in glass bottles. Activated carbon was 

added to the catalyst solution and then agitated in an orbital shaker at 180 rpm at a constant 

temperature of 25 
0
C for 24 h. The amount of adsorbed CaO was measured by the gravimetrical 

method. The total loading content of CaO was 40.50 % by weight, based on the initial weight of 

activated carbon. 

In addition, the characteristics of the prepared supported catalyst were determined. Scanning electron 

micrographs (SEM) were obtained on an FEI Quanta 200 FESEM scanning electron microscope. The 

accelerating voltage was 20 kV. The SE and BSE detectors were ETD and Low kV SSBSED, 
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respectively. To evaluate the specific surface area and pore volumes, adsorption of nitrogen at 77 K 

was carried out by ASAP 2020, Micromeritics. Prior to taking adsorption data, degassing at 120 
0
C 

and a residual pressure of 300 mHg for 24 hours was performed using the degassing port. 

2.4. Transesterification in the Packed Bed Membrane Reactor 

Soybean oil and methanol were charged into the mixing tank separately. The volume ratio of oil to 

methanol was varied between 3:1 to 12:1 and the catalyst was packed into the membrane reactor. 

Methanol was charged continuously into the reactor using the circulating pump according to Olagunju 

and Musonge [15] and heat exchanger was started up to heat the reactants. Subsequently, the reactor 

was filled with the reactant. The pressure inside the membrane was monitored by two pressure gauges 

and was controlled at 100Kpa. The permeate stream containing biodiesel and methanol was collected 

in the beaker. After each run, the circulating pump and heat exchanger were switched off. Thereafter, 

the system was fully drained, the catalysts were taken out and the system was flushed for 30 min with 

methanol and then drained. Biodiesel yield in the present experiment was calculated by using the 

following equation (1): 

Biodiesel conversion (%) = (Mass of the biodiesel / Mass of the oil used) * 100%                           (1) 

3. Results and Discussion 

3.1. Catalyst Properties 

The SEM analysis of calcium oxide catalyst supported on activated carbon (CaO/AC) showed a good 

dispersion of calcium oxide on the surface of activated carbon as shown in Figure 2. Based on this 

result, after loading the catalyst, activated carbon retained its structure and the calcium species were 

found vastly distributed upon the surface of the support. 

 

Table 1. Characterisation of CaO/AC catalyst 

Characteristic                                                     Value            Units                          Technique                                                                                                                                                                                                                                                                       

 BET surface area            240.51 m
2
/g               BET   

 Pore volume  0.152 cm
3
/g BET 

 Micro pore volume  0.121 cm
3
/g BET 

 Average pore width  2.87 nm BET 

 Active sites concentration 1.436 mmol/g TPD-CO2  

Surface area, pore volume and pore width of the supported catalyst on activated carbon are presented 

in Table 1. The significant reduction in BET surface area from virgin activated carbon (1425 m
2
 /g) to 

the CaO/AC catalyst with 40.50 wt. % loading (240.51 m
2
 /g) indicates filling of calcium oxide 

molecules into the activated carbon pores. CO2 temperature programmed desorption (TPD) method 

was used to determine the basicity of the catalyst. 

3.2. Selection of Suitable Membrane for Separation 

In order to achieve the suitability of membrane selection, it is important to estimate the size of the 

dispersed oil droplets in the continuous alcohol phase. The minimum particle size in the oil-methanol 

emulsion can be estimated from the work of DeRoussel et al. [16]. According to previous studies, the 

average drop size for the unreacted oil was 44 microns with a lower and upper size limit of 12 and 400 

microns, respectively [16]. The membrane pore size selected in this study is 0.02 microns, which was 

able to trap the unreacted oil within the membrane. 

The retention of free glycerol and unreacted oil in the reaction medium micro-filtrated by the 0.02 μm 

membrane was over 99%, which met the standard for biodiesel. The content of impurities was 2 mg/kg 

and was better than the results of water washing process, so this membrane pore size was selected as a 

suitable one for the biodiesel refining. 
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Figure 2. SEM image of calcium oxide 

supported on activated carbon (CaO/AC). 

 

Figure 3. Cross-filtration of crude biodiesel by  

membrane separation. 

 

The presence of minor residual soap and free glycerol in the biodiesel can cause a serious engine 

problem and hazardous emissions [17]. Although the South African biodiesel standard (SANS 1935) 

does not set a direct property for the soap in the final product, the limitation of the content of 

contaminants in the biodiesel makes a strict rule for the soap content in the refined biodiesel so as to 

meet the limitation of free glycerol content of less than 0.02 (wt %) 

The principle of membrane separation of unreacted oil and free glycerol is depicted in Figure 3. Due to 

the immiscibility of free glycerol and biodiesel and surface activity of soap, the unreacted oil existed 

in the form of reversed micelle, which was very similar to the form of phospholipids in the hexane 

micelle whose size was larger than a single solute molecule [18]. The free glycerol existed in form of 

droplets suspended in the reaction medium. The hydrophilic end of unreacted oil bond to the free 

glycerol droplets, while the hydrophobic ones immersed into the crude biodiesel.  

3.3.  Separation of the Permeate Stream  

When the experiments were carried out, the permeate from the membrane reactor percolated as a clear, 

amber, homogeneous solution. As the solution began to reach room temperature, the permeate 

separated into two phases with a clear boundary. The absence of particles in the permeate enhanced 

the separation process. GC analysis revealed that the homogeneous samples were those with the 

lowest percentage of FAME. 

 

Table 2. Composition of the lower and upper layer for permeate samples taken at 30 and 90 minutes 

from the beginning of permeation 

Phase FAME 

(wt. %) 

Glycerol 

(wt. %) 

Methanol 

(wt. %) 

Calculated 

Density (g/mL) 

Lower (30 min) 85.5 0 14.5 0.863 

Upper (30 min) 19.5 0 80.5 0.828 

Lower (90 min) 93.4 0 6.6 0.861 

Upper (90 min) 15.6 0 84.4 0.825 
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Table 2 shows the composition of the different phases. The lower phase in both of these samples was 

the FAME-rich phase, with an average mass composition of 85.5% after 30 minutes and 93.4% after 

90 minutes from the start of permeation (run with membrane pore size 0.02 micron and 300 g oil 

injection). All samples of the FAME-rich phase taken throughout the run had non-detectable levels of 

glycerol using GC. In the results, the upper phase was found to be the methanol-rich phase containing 

no glycerol. This indicates that the amount of FAME in the FAME-rich phase was such that its density 

was greater than the density of the methanol-rich phase. One important finding was that the location of 

the FAME-rich phase and methanol-rich phase changed due to no glycerol content. The recycling of 

the methanol-rich phase is of interest, in order to maximize its usage.  

The above observations indicate that the methanol-rich phase of the de-phased permeates can be 

recycled to the reactor in order to decrease the overall methanol: oil molar ratio. In order to reach a 

commercial methanol to oil molar ratio of 6:1, it is entirely practical to cool the permeate to allow for 

phase separation and recycle the methanol-rich phase to the reactor. According to a previous study 

carried out by Olagunju and Musonge [15], methanol: oil mole ratios of 3:1, 6:1, 9:1 and 12:1 were 

used and the best condition was achieved with a temperature of 65 
o
C, methanol/oil molar ratio of 6:1 

for 150 minutes, which resulted in the highest FAME yield of 94 %. These operating parameters and 

yield served as basis for this current experiment study. 

At the completion of the runs, the membrane reactor retentate was observed to contain a stable 

interfacial emulsion similar to that obtained in a batch reactor run under identical process conditions. 

The conventional method requires several hours to achieve complete separation of the FAME-rich and 

methanol/glycerine-rich phases. This is because emulsions from the oil or soaps produced during the 

reaction process may act as emulsifiers or dispersants to prevent phase separation.  The situation in a 

batch reactor would even be worse when using high free fatty acid feedstock.  In that case, a 

significant reduction in biodiesel yield would result.  The membrane is thus performing an additional 

purification function by retaining emulsions within the reactor. The membrane reactor was also tested 

as a batch reactor without pressurizing the system. The entire content in the reactor was then 

transferred into a separating funnel and effective separation was completed after 5 hours. 

3.4.  FAME Characterization 

Physical and chemical properties of the produced biodiesel were measured according to the test 

methods recommended by the American Society for testing and Materials (ASTM). The results of 

these characterizations are listed in Table 3.  

 

Table 3. Characteristics of FAME produced from soya bean oil using membrane reactor 

Characteristic                   Test                        Units             SANS 1935                        Result 

                                                                                              Specification Limit                                                                                                                                                                                                                                                       

Density @ 15
o
C               ASTM D7042          g/mL  0.86-0.9                              0.87  

Viscosity @ 40
 o
C ASTM D7042 cSt  3.5-5                                   3.8  

Flash point ASTM D93 
o
C  120 min                              167  

Water content ASTM D6304 %  0.05 max                         -  

Total acid number - mgKOH/g  0.5 max                               0.21  

Total Contamination IP 440 mg/Kg  24 max                                 2  

Sulphur ASTM D4294 ppm  10 max                                 1   

 

The results show that the FAME produced using membrane technology is within ASTM standard 

specifications and biodiesel specification. Biodiesel properties are numerous but the most important 

properties are those that have direct impact on the performance of the engine such as viscosity, flash 

point, density and so on. All these properties help to increase the lifespan of the engine, give a better 

lubrication and complete combustion so that the engine can produce a higher energy output.   
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4. Conclusion 

The experimental setup for this project was constructed and the membrane reactor exhibited a good 

performance in the transesterification of the high quality of biodiesel yield, which does not require any 

additional purification process. The following conclusions could be drawn from the study: 

(1)  The ceramic membrane with the pore size of 0.02 μm was very suitable for this reaction and 

separation process due to its high flux and the good quality of the permeate. 

(2) This new method of biodiesel production showed the advantage of no water usage in the process as 

compared to the conventional water washing that leads to wastewater being generated and 

consequently leading to environmental pollution requiring additional treatment.  

(3) The characteristics of the product under these conditions were within the ASTM standard. 
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