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Abstract 

This work is part of operating a parabolic concentrator for drying the phosphate. This study is to analyzing the drying 

of Tunisian phosphate by three separate solar processes. Two experimental devices have been implemented. Three 

drying kinetics were set up by a parabolic concentrator, under greenhouse and in open sun, respectively. Nine thin-layer 

drying models were fitted to the experimental data to select a suitable drying equation. The Midilli model was found to 

best describe the drying behavior of phosphate for open sun, parabolic concentrator and greenhouse drying. These tests 

show that the drying by the parabolic concentrator gives results whose perspectives are satisfactory compared with the 

drying in the open sun or under greenhouses.  

Keywords: open sun drying; greenhouse drying; drying kinetics; parabolic concentrator; phosphate. 

1. Introduction 

During recent decades, the demand for energy in 

its various forms has been increasing, for the 

development and growth of industrial activity and 

demand for comfort in daily life. Solar energy is 

transmitted by the sun in the form of light and heat 

[1]. It is virtually inexhaustible on the scale of human 

time. 

Given its position, Tunisia has a significant 

potential of solar energy. This favorable opportunity 

allows Tunisia to be a pioneer in the use of solar 

energy in the context of energy conservation strategy 

and the government management programs. Indeed, 

essentially the southern regions of Tunisia are 

equipped of huge solar energy opportunity, put to use, 

could participate in a meaningful way to sustainable 

development and provide handy solutions to 

socioeconomic problems in these regions. In Gafsa, 

where the relative humidity is less than 69% during 

most of the year, wherein the duration of sunshine is 

3000 hours/year and where the global solar radiation 

averages 5.4kWh/m
2

/day, the use of solar energy is a 

very important activity [2].  

The exploitation of phosphates is fundamentally 

centered on the production of fertilizer and 

phosphoric acid which represents the most important 

economic targets [3]. Phosphate is a high demand 

material in international trade. The phosphates sector 

occupies an important place in the Tunisian economy, 

both in the employment and in the trade balance. 

Globally, the Tunisian phosphate industry occupies 

the 5
th

 place among the largest international operators 

in this activity [4]. Generally, the phosphates can 

undergo special treatments including grinding to 

reduce its particle sizes. 

Production of marketable phosphate in Tunisia 

could exceed 8 million tons in 2010. Tunisia is the 

second country in the world to develop a large 

percentage of its production of phosphate (nearly 

80%). This activity is more than a century for the 

extraction to phosphate by the Gafsa Phosphate 

Company (CPG) and more than fifty years in the area 

of its valuation in various mineral fertilizers by the 

Tunisian Chemical Group (GCT). CPG currently 
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operates seven open pits and one undergrounds mine [4]. 

 

Nomenclature 

a, b, c, 

g, h 

empirical constants in the drying 

models 

XRi moisture ratio of phosphate placed 

inside the greenhouse 

Ge solar radiation outside the greenhouse, 

(W/m
2

) 

XRexp experimental moisture ratio 

Gi solar radiation inside the greenhouse, 

(W/m
2

) 

XRpre predicted moisture ratio 

k, k0, k1 empirical constants in the drying 

models 

t  time, (hr) 

m mass of the material, (kg) Tac  air temperature at the focus of  

parabolic concentrator, (°C) 

me mass of the material water, (kg) Tae  ambient air temperature (outside the 

greenhouse), (°C) 

ms dry matter of the material, (kg) Tai air temperature inside the  

greenhouse, (°C) 

n number constants Tp phosphate temperature, (°C) 

N number of observations Tpc phosphate temperature placed at the 

focus of parabolic concentrator, (°C) 

R
2

 correlation coefficient  Tpe phosphate temperature in open sun, 

(°C) 

RHi relative humidity of the air around the 

material (inside greenhouse), (%) 

Tpi phosphate temperature inside the 

greenhouse, (°C) 

RHe relative humidity of ambient air 

(outside greenhouse), (%) 

Vae ambient air velocity (outside the 

greenhouse), (m/s) 

RMSE root mean square error Vai air velocity inside the greenhouse, 

(m/s) 

X moisture content, (dry basis)  

Xc water content of phosphate placed at 

the focus of parabolic concentrator,  (dry 

basis) 

 

Subscripts 

  

Xe phosphate water content placed in 

open sun,  (dry basis) 

Av 

Max   

the average value 

the maximum value 

Xi water content of phosphate placed 

inside the greenhouse,  (dry basis) 

Min 

f  

the minimum value 

final 

Xo initial moisture content, (dry basis)   

Xeq equilibrium moisture content, (dry 

basis) 

 

Greek symbol 

XR moisture ratio 

XRc moisture ratio of phosphate placed at 

the focus of  parabolic concentrator  

 

χ
2

 

 

chi-square 

XRe moisture ratio of phosphate placed in 

open sun 

  

 

Note: 1US Dollar=2.031 TD. 

 

Drying is economically expensive, given the price 

of energy highly elevated. For this reason, consulting 

energy audit reports provided by the National 

Renewable Energy Agency (ANER), a study of the 

energy consumption of drying in the field of industry 

in Tunisia has allowed us to determine the weight of 

drying which is estimated to 266.578 kTep (1Tep = 42 

10
9

J) primary energy or 5.92% of total energy 

consumption in Tunisia and 18.5% of energy 

consumption in the industrial sector [5]. It should be 

noted, first, that this study is carried out on a total 
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equal to 114 industries in various fields of activities. 

Indeed this number is according to statistics from the 

ANER over 90% of industrial energy consumption. 

The total energy consumption of mining is equal to 

180.8 kTep/year; the consumption of drying in this 

sector is estimated at 66.896 kTep/year representing 

37% of the total consumption [5].  

Annually, CPG dried 1.2 million tones of 

phosphate, and consumes for such an operation 

around 17 kTep of fuel per year. This consumption 

weighs more and more heavily on the company's 

operating expenses, with an annual cost exceeding 

4millionTD/year, to which must be added at least 

1millionTD maintenance costs, maintenance and 

other expenses caused by the use of driers [6]. 

Faced to this serious energy situation, CPG 

launched in 2007 a solar drying project in the open air 

in the three industrial sites in the CPG, namely El 

M'dhila, Metlaoui and Moularès. From an initial cost 

of 3.3millionTD (mainly rolling stock), this project was 

started with semi-industrial test step during 2007, 

covering 25% for the production of dried phosphates, 

and in 2008 the project began the industrial phase with 

the solar treatment 60% of production (720 000 tons). 

In 2009, the solar drying of phosphates reached a 

significant rate with treating 70% of the production of 

dried phosphates (840 000 tons). In the coming years, 

the proportions to be processed in open sun will 

remain exactly in the same level [6].  However, there 

are several opportunities to dry phosphate using solar 

energy; there may be mentioned drying under 

greenhouse, drying by a parabolic concentrator and 

the traditional drying where the phosphate is exposed 

to sun and wind ... etc. 

This experimental study is devoted to the 

determination of phosphate drying kinetics in 

uncontrollable conditions: outdoor, under greenhouse 

and by a parabolic concentrator. All three drying 

processes used allow enjoying free energy from the 

sun and constitute an economically profitable 

operation. It is therefore of great interest to study the 

various aspects of these drying processes and identify 

the most appropriate method. 

2. Materials and methods  

2.1. Sample preparation  

During tests under greenhouse, outdoor and by 

the parabolic concentrator, we are placed in the same 

external conditions. In this study the phosphate used is 

brought from the launderette IV (CPG) in Metlaoui (a 

sector amongst of the five production of the phosphate 

of the mining region of Gafsa in southern Tunisia). 

The wet phosphate is introduced into a parallelepiped 

block in plastic. Then, one obtains a phosphate 

sample of 10 mm thick, length 130 mm and width 65 

mm. Subsequently, this sample is placed on a 

polystyrene plate covered with aluminum foil (Fig. 1 

(a)). To measure the material temperature, three type 

K thermocouples were used. The phosphate 

temperature being obtained by averaging the 

temperatures of these three thermocouples, which are 

positioned in different places in the material (Figs. 1 

(b) and 1 (c)). 

 
   

(a) (b) (c) 

Figure 1. Sample preparation: (a) the phosphate in the block, (b) the 

phosphate sample under greenhouse, (c) the phosphate sample in 

open sun 

2.2. Experimental devices 

In this subsection we will describe the various 

devices used to study experimentally the phosphates 

drying under greenhouse, by the parabolic 

concentrator and in open sun. 

Fig. 2 (a) illustrates the entire experimental device 

used for drying phosphate under greenhouse and 

outdoors. This device consists mainly of a balance 

inserted into a wooden box. For tests in the open air, 

the tray covered by aluminum foil containing the 

phosphate was surrounded by these four sides by a 

bell formed of four pieces of thin ordinary glass, to 

avoid deterioration caused by excessive air currents 

(Fig. 2- (a)). The small greenhouse used for drying the 

phosphate is built in our Department in the Gafsa 

Faculty of Sciences, with ground surface of 2.25 m
2

 (its 

base is a square of 1.5 m side), height 1,8 m from its 

base to its summit and its axis is parallel to the east-

west direction (Fig. 2 (c)). To protect it the prevailing 

wind (North-West), we have installed this greenhouse 

in an internal space of the Faculty of Sciences of 

Gafsa. The greenhouse is coated with a plastic blanket 

(low density polyethylene of thick 180 μm) (Fig. 3 (b)). 

The parabolic concentrator was built in the Physics 

Department of the Gafsa Faculty of Sciences operating 

with a manual tracking system in two axes vertical and 

horizontal. Both axes can track the sun in its racing 
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and also to maximize the concentrated solar radiation 

to the absorber. It has a rigid support posing on the 

ground. It consists of two parts, namely: the reflector 

and the receiver (Fig. 3- (a)). The opening of this solar 

concentrator is   =2.80 m with a total surface 

(reflector) is 2.92 m
2

. It is constituted by 1825 mirrors 

(the thickness of a mirror being 3 mm with surface is 

limited to 4cm × 4cm) which are bonded with silicone 

on the entire parabolic surface (Figure 3- (a)). All rays 

issued by sun is reflected by the mirrors and gathered 

in one point called the focus (Receiver: holder-sample 

of phosphate of   =60 cm height from the center of 

the parabolic solar concentrator) for supporting the 

high temperature and thus the heat that will be used 

thereafter for drying the phosphate. To analyze and 

identify the receiver position, we have displaced a 

cardboard in different positions until the appearance 

of a flame that burns the card after 5 min, indicating at 

the focus. 

 
 

 

(a) (b) (c) 

Figure 2. Phosphate drying: (a) in the open air, (b) by a 

parabolic concentrator (c) under greenhouse. 

 

 

 

 

(a) (b) 

Figure 3. Experimental device: (a) parabolic concentrator (b) 

Greenhouse 

 

2. 3. Drying procedure and data acquisition  

In the drying tests, the drying parameters (incident 

radiation, air velocity, humidity and air temperature) 

are continuously variable in time (variable conditions). 

The incident radiation is measured using a calibrated 

photovoltaic solar panel with a pyranometer of type 

Kipp-Zonen (Model CM3) and ± 5% accuracy. The 

air speed is measured by an anemometer (TESTO 

435) for the velocity measurements in the range of 0-

15m/s, with ± 0.1ms
-1

 accuracy. The relative humidity 

and the air temperature were measured by a sensor 

HMP35C (Vaisala Model HMP35C). The HMP35C 

errors are ± 0.1°C of temperature and ± 3% of 

humidity. The thermocouples were connected to the 

multimeters. The measurement error is ± 0.2 °C. The 

sample mass during time is measured by a scale of 

capacity 7000 g and precision of ± 0.1 g. The 

sensitiveness was obtained from catalogs of the 

instruments. 

 The material temperature on the tray, air 

temperature, relative humidity of the air above the 

material surface and the sample mass were measured 

at intervals of 20 min during the experiments. The 

recordings were made manually. 

Once the drying operation is complete, the sample 

was placed in an oven at 120°C for 12 hours, and then 

weighed to determine the corresponding dry matter 

(ms). 

 

3. Mathematical modeling of drying curves  

Phosphates water content was estimated on dry 

basis. Dry matter value of the samples was calculated. 

The material water content at different drying stages 

was then expressed according to the following relation: 

  
  

  
 

    

  
     

 (1) 

Where me is the mass of the material water, X the 

water content in dry basis, m the mass of the material 

and ms the corresponding dry matter. 

The moisture ratios (XR) of Phosphates during 

drying were calculated using the following equation: 

   
     

      
      (2) 

Where X, X0 and Xeq (kg water/kg dry matter) are, 

respectively, the moisture content at a specific time, 

the initial moisture content, the equilibrium moisture 

content. 

The moisture ratio XR is simplified by some 

investigators [7- 9] to X/X0 because the equilibrium 

moisture Xeq content is significantly less than the initial 

moisture content X0. In this case, Eq. (2) becomes: 

   
 

  
 

    

     
    (3) 
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Where m0 is the water mass of the initial material.  

For mathematical modelling, the thin layer drying 

equations in Table 1 were tested to select the best 

model for describing the drying curve equation of 

phosphate during drying by the parabolic 

concentrator, under greenhouse and in open sun. 

Regression analysis was performed using the Statistica 

computer program. The correlation coefficient (R
2

) 

was the primary criterion for selecting the best 

equation to describe the drying curve equation. In 

addition to R
2

, the reduced χ
2

 as the mean square of 

the deviations between the experimental and 

calculated values for the models and the root mean 

square error analysis (RMSE) were used to determine 

the goodness of the fit. Higher values of R
2

 and lower 

values of χ
2

 and RMSE indicate better goodness of fit 

[8- 14]. These can be calculated as: 

     
                  

  
   

                      
  

   

   (4) 

χ  
                  

  
   

   
   (5) 

      
 

 
                  

  
    

 

 
  (6) 

 

Where XRexp,i is the ith experimental moisture 

ratio, XRpre,i is the ith predicted moisture ratio,       
      

the mean experimental moisture ratio, N the number 

of observations, and n the number of constants in each 

regression model. 

 

Table 1. Mathematical models widely used to describe drying kinetics 

Model 

no. 

Model name Model Referen

ce 

1 Newton XR = exp(-kt) [15] 

2 Henderson and Pabis XR = aexp(-kt) [16] 

3 Page XR = exp(-kt
n

) [17] 

4 Logarithmic XR = aexp(-kt) + c [18] 

5 Modified Page XR = exp(-(kt)
n

) [19] 

6 Midilli et al. XR = a exp(-kt
n

) + bt [20] 

7 Two-term XR = aexp(-k0t) + bexp(-k1t) [21] 

8 Wang and Singh XR = 1 + at + bt
2

 [22] 

9 Modified Henderson and 

Pabis 

XR = aexp(-kt) + bexp(-gt) + cexp(-

ht) 

[23] 

 
 

4. Results and discussion  

4. 1. Drying conditions 

The atmospheric conditions (solar radiation, 

ambient temperature, ambient humidity and wind 

speed) are factors that can drive and steer 

outstandingly the drying operation. The drying tests of 

phosphate in the open sun, by the parabolic 

concentrator and under greenhouse are realized jointly 

under the same weather conditions, on the same time 

of 04/29/2014. 

4.1.1. Solar radiation 

Climatic conditions during this day of 04/29/2014 

are characterized by a perfect sunshine (Fig. 4). Solar 

radiation in open air reaches its maximum about 1050 

W/m² at midday. However, the solar radiation under 

the greenhouse is less intense than that outside. We 

recorded 20% reduction of radiation penetrating in the 

greenhouse. The maximum solar radiation reaches 

under greenhouse was about 850 W/m². 

Figure 4. Evolution the outside solar radiation (Ge) and under 

greenhouse (Gi) versus time of 04/29/2014 

4.1.2. Relative humidity  
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The relative humidity of the outside air and under 

the greenhouse are approximately the same, it is 

varied between 15.1 and 33.4% (Fig. 5). They are 

slightly reduced during time. Yet, the relative humidity 

of air under greenhouse is imperceptibly lower than 

outside. We recorded 7% decline in the relative 

humidity of the air in the greenhouse compared to 

outside.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Evolution of relative humidity of the outside air (RHe) and 

under greenhouse (RHi) versus time of 04/29/2014 

4.1.3. Air velocity  

During the course of phosphate drying tests, the 

outside air velocity around the material samples is low 

enough; it ranges from 0.13 to 1.14 m/s. Nevertheless, 

air under greenhouse is almost stagnant (Fig. 6). 

Indeed the air velocity has little influence on the 

drying kinetics. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Evolution the outside air velocity (Vae) and under 

greenhouse (Vai) versus time of 04/29/2014. 

4.1.4. The air and the material temperatures 

During the day of 04/29/2014, the air temperature 

at the vicinity of the focus of the parabolic 

concentrator is considerably higher than that of the 

ambient air and the air inside the greenhouse; it 

reaches 484°C, while the air temperature inside the 

greenhouse reaches only a maximum of 50°C and 

ambient air temperature 40°C (Figs. 7a and 7b). 

However air temperature under greenhouse is higher 

than at outside (Fig. 7a).  

  

 

 

 

 

 

 

 

 

 

Figure 7a: Evolution of the air temperature at outside (Tae) and 

under greenhouse (Tai) versus time of 04/29/2014.  

 

 

 

 

 

 

 

 

 

 

Figure 7b: Evolution of the air temperature at the focus of 

parabolic concentrator (Tac) versus time of 04/29/2014. 

 

Thus, the phosphate temperature in open sun is 

greater than that of air; it reaches a maximum of 50°C. 

However, the phosphate temperature under the 

greenhouse reached a maximum of 59°C while that of 

the sample placed at the focus of the parabolic 

concentrator reached a maximum of about 102°C at 

solar noon (Table 2). Under direct solar radiation (in 

open air and under greenhouse) the material 

temperature exceeds that of the surrounding air. This 

result is in agreement with the researchers 

observations during drying of agricultural products [24- 

26]. 

 

Table 2: The air temperature and the phosphate temperature of 04/29/2014 

Drying process  Air temperature   Phosphate temperature  

                                                                

Open sun 23 40 32,71 27 50 40,23 
Greenhouse 21 50 42,53 27 59 49,19 
Parabolic concentrator  73 484 234,18 26 102 66,15 
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Indeed, the phosphate temperature under 

greenhouse is consistently higher than that the 

phosphate dried outside (Fig. 8). However, the 

temperature curve of material placed at the focus of 

the parabolic concentrator in the course of time 

reaches a maximum of 102°C at midday-sun. Thus, 

the parabolic concentrator allows the phosphate 

reaching the air temperature of the artificial dryers 

drying used by CPG [27]. The phosphate 

temperatures at the end of the drying process are 

similar for the three methods (Fig. 8).  

 

 

 

 

 

 

 

 

 

 

Figure 8. Evolution of the phosphate temperature (Tpe) in open air, 

at the focus of the parabolic concentrator (Tpc) and under 

greenhouse (Tpi) versus time of 04/29/2014. 

4. 2. Drying kinetics 

In Fig. 9 is shown the phosphate drying kinetics 

when it is placed respectively at the focus of parabolic 

concentrator, under greenhouse and in open sun. In 

fact, the phosphate dries faster when placed at the 

focus of the parabolic concentrator (Fig. 9).  

 

 

 

 

 

 

 

 

 

 

Figure 9. Variation of the water content of phosphate in open sun 

(Xe), by parabolic concentrator (Xc) and under greenhouse (Xi) 

versus time of 04.29.2014. 

 

It accomplished 05 hr 20 min to dry to a water 

content Xcf = 0.006 kg water/kg dry matter. However, 

the drying under greenhouse and in the open air does 

not reach to this value. We remark that phosphate 

moisture content curve under greenhouse is nearly 

than that of the open sun (Fig. 9). Under greenhouse, 

the phosphate puts 05 hr 20 min to dry to a water 

content value Xif = 0.022 kg water/kg dry matter. 

However in the open air, the phosphate is dried to a 

water content value Xef = 0.042 kg water/kg dry 

matter. Drying the phosphate in the open sun is 

profitable. The phosphate drying kinetics in open sun 

and under greenhouse join and become assemblies. 

In order to normalize the drying curves, the 

experimental data were transformed to a 

dimensionless parameter called the moisture ratio 

versus time (Fig. 10). The moisture ratios (XR) versus 

drying time were fitted to the nine drying models 

presented by previous workers (Table 1). The results 

of the statistical analysis undertaken on these models 

for solar drying by the parabolic concentrator, in open 

sun and under greenhouse are given in Tables 3, 4 

and 5, respectively. The models were evaluated on the 

basis of R
2

, χ
2

 and RMSE. The model that best 

predicts the drying process will have higher value of R
2

 

and lower values of χ
2

 and RMSE. The Midilli model 

was found to be the most suitable model for describing 

drying curve of the thin layer of phosphate by the 

three drying process, as shown in Tables 3, 4 and 5. 

For the solar drying of phosphates by parabolic 

concentrator, the Midilli model gave R
2

=0.99858, 

χ
2

=1.48 10
-4

, RMSE =0.01216. For the solar drying of 

phosphates in open sun the Midilli model gave R
2

 

=0.99912, χ
2

=0.98 10
-4

 and RMSE=0.00990. For the 

solar drying of phosphates under greenhouse the 

Midilli model gave R
2

=0.99969, χ
2

 =0.78 10
-4

, RMSE 

=0.00886. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.  Variation of the moisture ratio in open sun (XRe), by 

parabolic concentrator (XRc) and under greenhouse (XRi) versus 

drying time of 04.29.2014. 
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Table 3: Modeling of moisture ratio according to drying time for thin layer parabolic concentrator drying of 

phosphates. 

Model 

no. 

Model constants R
2
 χ

2
 RMS

E 

1 k=0.44603 0.987

30 

10.8 10
-

4
 

0.032

89 

2 a=1.00581, k=0.44877 0.987

36 

11.5 10
-

4
 

0.033

89 

3 n=1.0944, k=0.40851 0.989

95 

9.13 10
-

4
 

0.030

21 

4 a=1.16498, k=0.30313, c=-0.19832  0.997

24 

2.69 10
-

4
 

0.016

40 

5 k=0.44129, n=1.09498 0.989

95 

9.13 10
-

4
 

0.030

21 

6 a=0.9943, k=0.36939, n=0.82661, b=-

0.03917 

0.998

58 

1.48 10
-

4
 

0.012

16 

7 a=-40.29188, k0=0.69413, k1=0.68528, 

b=41.25687 

0.992

41 

7.95 10
-

4
 

0.028

20 

8 a=-0.2402, b=0.01314 0.989

78 

9.90 10
-

4
 

0.031

47 

9 a=0.26964; k=0.4481; b=0.36808; 

g=0.44873; c=0.36808; h=0.44873 

0.987

35 

15.7 10
-

4
 

0.039

58 

 

 

 

 

Table 4: Modeling of moisture ratio according to drying time for thin layer open sun drying of phosphates. 

Model 

no. 

Model constants R
2
 χ

2
 RMSE 

1 k=0.31942 0.9601

1 

36.3 

10
-4

 

0.0602

4 

2 a=1.09257, k=0.35403 0.9752

0 

24.1 

10
-4

 

0.0490

6 

3 n=1.43106, k=0.2013 0.9983

7 

1.58 

10
-4

 

0.0125

9 

4 a=1.51642, k=0.18643, c=-0.47126  0.9911

8 

9.17 

10
-4

 

0.0302

8 

5 k=0.32624, n=1.43078 0.9983

7 

1.58 

10
-4

 

0.0125

9 

6 a=0.98377, k=0.18825, n=1.5783, 

b=0.01079 

0.9991

2 

0.98 

10
-4

 

0.0099

0 

7 a=0.54625, k0=0.35402, k1=0.35402, 

b=0.54631 

0.9752

0 

27.8 

10
-4

 

0.0527

0 

8 a=-0.2402, b=0.01314 0.9897

9 

9.90 

10
-4

 

0.0314

7 

9 a=0.3642; k=0.35402; b=0.36419; 

g=0.35402; c=0.36417; h=0.354021 

0.9752

0 

32.8 

10
-4

 

0.0572

9 
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Table 5: Modeling of moisture ratio according to drying time for thin layer greenhouse drying of phosphates. 

Model 

no. 

Model constants R
2
 χ

2
 RMSE 

1 k=0.30671 0.923

29 

79.6 

10
-4

 

0.0899

2 

2 a=1.13055, k=0.35279 0.950

46 

54.8 

10
-4

 

0.0740

5 

3 n=1.70234, k=0.14136 0.998

91 

1.21 

10
-4

 

0.0110

0 

4 a=2.91269, k=0.08062, c=-1.86043 0.992

85 

8.47 

10
-4

 

0.0291

1 

5 k=0.31686, n=1.70216 0.998

90 

1.21 

10
-4

 

0.0110

0 

6 a=0.99698, k=0.13778, n=1.64228, b=-

0.00842 

0.999

69 

0.78 

10
-4

 

0.0088

6 

7 a=-53.61188, k0=0.74239, k1=0.72667, 

b=54.58721 

0.995

94 

5.17 

10
-4

 

0.0227

6 

8 a=-0.19588, b=0.00246 0.989

01 

12.2 

10
-4

 

0.0348

7 

9 a=0.37684; k=0.35277; b=0.37684; 

g=0.35277; c=0.37684; h=0.35275 

0.950

46 

74.8 

10
-4

 

0.0864

8 

 

 

5. Conclusion  

This study extends to briefly explore the 

foundations of the combined Radiative-Convective 

drying of phosphate under uncontrolled and varying 

climatic conditions. This study is attended in part by 

the construction of a mini-greenhouse and a parabolic 

concentrator, on the other hand a series of 

measurements carried out on the drying of phosphate 

in open sun, under greenhouses and by a parabolic 

concentrator. Indeed, under continuous and intense 

solar radiation, the results of experimental tests have 

shown that the drying kinetics of phosphate in open 

sun and under greenhouse join and become assembly. 

The intensity of the radiation acts directly on the 

material temperature through the flow of heat 

conveyed by the radiation which accordingly promotes 

the mass internal transfers. Both of the solar drying 

process (open sun and greenhouse) puts a period of 

05 hr 20 min to drying the phosphate. 

Indeed, the air temperature at the focus of 

parabolic concentrator is much higher than that under 

greenhouse and than that in open air. The phosphate 

temperature under greenhouse is lower than with solar 

concentration at the focus of parabolic concentrator, 

accordingly this last phosphate dries more quickly. 

However, drying in open sun has advantages. It allows 

better productivity because large surface areas that 

may be put in works and requires a very small 

investment compared to the price and the 

maintenance cost of parabolic concentrators. 

The parabolic concentrator allows the phosphate 

reaching the air temperature of the artificial dryers 

drying used by CPG. The phosphate drying by a 

parabolic concentrator appears to us as one of the 

means to a greater availability over time and more 

economically profitable in the production of 

phosphate by the CPG. Indeed, a special search effort 

should be used to adopt new processes of solar drying 

of phosphate. 
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Abstract 

The aim of this work is to study zinc removal possibility by adsorption on an Algerian bentonite (bentonite of Maghnia), 

goethite, powdered activated carbon (PAC) and kaolin. Various reaction parameter effects on process where tested. 

Experiments were carried out with synthetic distilled water solutions. Kinetic of adsorption results showed that after 20 

minutes, zinc removal is maximal with 98.24 ℅ efficiency for bentonite. Using Goethite, we obtained 18℅ efficiency after 

30 minutes of equilibrium time. After 3 hours of stirring, zinc removal by PAC was maximal with 27.54% efficiency and 

after 1 hour for kaolin with 45.48%. Increasing in adsorbent dose (0.5 to 8 g/l) improves zinc removal efficiency for an 

initial 5mg/l concentration. Zinc removal efficiency by any adsorbent decreases with the increase of initial zinc 

concentration (2 to 20 mg/l). pH of treatment affects considerably zinc retention rate. Zn removal efficiencies are 

noticeable at basic pH. Order of efficiency of tested adsorbents for zinc removal in synthetic solution follows: bentonite  > 

kaolin >  PAC > Goethite.  

Keywords: Zinc, adsorption, bentonite, goethite, powdered activated carbon, kaolin. 

1. Introduction 

Wastewater pollution by heavy metals is a major 

environmental hazard, since dissolved toxic metal ions 

may ultimately reach the highest food chain level and 

become a risk factor for human health. Unlike most 

pollutants, heavy metals are not biodegradable and 

tend to accumulate in living organisms causing various 

diseases [1]. Most commonly cited metals are copper, 

chromium, nickel and zinc for their numerous 

industrial applications [2].        

        In this study, we take the case of zinc is an 

essential element for all living organisms, including 

humans and modern life would be inconceivable 

without zinc, since it plays an essential role in human 

being metabolism. Major zinc sources in environment 

are copper and bronze alloys production and 

galvanization [3,4]. For example, it is vital for more 

than 200 enzymes correct operation, DNA 

stabilization, genes expression and signals transmission 

from nervous system. Human body contains 2 to 3 g 

of zinc (for 7 g of iron), which are found throughout 

the body, but with higher concentrations in muscles, 

liver, kidneys, bones and prostate [5]. It is also used in 

paints, rubber, plastics, cosmetics and pharmaceuticals 

[3]. According to International Association of zinc; 

reduced sensations of taste and smell, skin disorders, 

mental lethargy and fertility decrease are the main 

symptoms associated with zinc deficiency in human 

body.  

        However, excessive zinc consumption can be 

toxic and cause nausea, stomach cramps, vomiting, 

and slow liver dysfunction.... Zinc can also have 

adverse reactions on environment because it can cause 

several problems when released in very small 

quantities, since its toxicity grows by bioaccumulation. 

Some Algerian studies treated pollution hazards. 

Natural water reserves in certain regions near 

industrial areas, for which zinc is in their discharges 

composition, are contaminated [6, 7]. 

       However, the allowable maximum zinc 

concentrations in drinking water are 3 to 5 mg/l 

according to the World Health Organization [8] and 5 

mg/l by Algerian standards [9]. In order to meet this 

standard, several methods have been used to remove 

zinc as membrane filtration (ultrafiltration, reverse 

osmosis, nanofiltration, electrodialysis), chemical 

precipitation, ion exchange and electrochemical 

method [10]. Adsorption process on clays [11, 12, 13, 

14,15,4], on hydroxides [16, 17] and activated carbon 
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[18, 19] has also proven its effectiveness in laboratory 

works. 

         Therefore, the objective of this work is to study 

bentonite of Maghnia (Algeria), goethite, powered 

activated carbon powered and kaolin effectiveness for 

zinc removal from synthetic distilled water solutions. 

        Many reaction parameters were tested to 

optimize the process as contact time, effect of 

adsorbent dose, effect of initial zinc concentration and 

pH of treatment. 

2. Materials and Methods 

Solutions of zinc 

       A 1000 mg/l zinc stock solution was prepared in 

distilled water and stored away from light, while using 

zinc sulfate (ZnS04, 7H2O) as salt. Then, we dilute in 

different ratios to prepare lower solution 

concentrations used in tests.  

Tested adsorbent  

- Bentonite: Used clay is a sodic bentonite, white 

colored, rich in montmorillonite. It is obtained from 

Hammam  Boughrara deposit (Maghnia, N.E of 

Algeria). This bentonite has acidic pH (pH = 6.2) 

with a 80 m
2

/g specific surface. 

-Goethite : Used goethite is a FLUKA product. It is an 

iron hydroxide which chemical formula is Fe(OH)O 

and specific surface is of 20.5 m
2

/g. 

-Activated Carbon : Powdered activated carbon is a 

DARCO Aldrich lab product, which granulometry is 

12 to 20 mesh (0.3 to 0.5 mm) and specific surface is 

550 m
2

/g. 

-Kaolin : It is an Aldrich product which chemical 

formula is (Al2Si2(OH)4), and specific surface is 19.8 

m
2

/g. 

pH measurement 

       To measure pH of water samples, a pH meter 

(HANNA pH 210) was used with a combined 

electrode (Bioblock Scientific). The pH-meter is 

calibrated before any measurement series using two 

buffer solutions of pH 4.01and 9.18. 

 

 

Determination of metal concentration 

       An atomic absorption spectrometer (Shimadzu 

AA-6200) with hallow cathode lamp and air acetylene 

flame, was used for determining Zinc concentrations 

in water samples, at a wavelength λ = 213.86 nm. 

Adsorption test description 

        Zinc removal tests were carried out 

discontinuously on a magnetic stirrer using synthetic 

zinc solution contact with a constant mass of each 

adsorbent. 

Solid/liquid sample separation is achieved by vacuum 

filtration using membrane with 0.45 μm porosity. For 

each filtered sample, we measured pH and residual 

zinc concentration. 

Several tests were performed to examine some 

parameters influence on zinc removal on any 

adsorbent such as stirring time (0 to 6 hr), initial Zn
2+

 

content (2 to 20 mg/l), adsorbent dose (0.5 to 8 g / l) 

and pH of treatment (4 to 9). pH of solutions was 

adjusted to the desired value by adding HCl (0.1 N) or 

NaOH (0.1N) during adsorption test. 

 

3. Results and discussion  

 

Kinetics of adsorption 

        We followed zinc kinetics of adsorption for initial 

zinc content at 5 mg/l and for both adsorbents 

constant mass (1g/l). Residual zinc content and pH 

follow-up were achieved depending on stirring time 

(from 2 min to 6 hrs). 

Obtained results (Fig 1) show that zinc removal 

efficiency varies with stirring time. We obtained 

maximum efficiency after 20 min, 30 min, 60 min and 

180 min for bentonite, kaolin, goethite and PAC 

respectively. Maximal removal values corresponding 

to these times are 98.24 ℅, 45.48℅, 27.54℅ and 18 ℅ 

respectively. 



Removal of Zinc from water by adsorption ….               JNTM(2016)                          Manal Larakeb et al. 

 

21 

 

 
Figure 1:  Kinetics curve for Zinc (5mg/l) removal using bentonite,  

goethite, kaolin  and PAC. 

 

Zinc fixation kinetics evolution on clays PAC or 

hydroxides mainly proved reversibility of exchange 

engaged and physical nature of adsorbent-zinc 

interactions. 

We can differentiate two steps in zinc kinetics of 

adsorption for both clays. During first step, we have a 

rapid efficiency increase, explained by zinc ions quick 

fixation on both adsorbent surfaces, it is external mass 

transfer step. Kinetics second step shows that zinc 

residual content decreases progressively. 

Veli and Alyuz [20] tested Zn
2+

 removal, using 

bentonite of Cankiri (Turkey), prove that pH is an 

important factor in adsorption process as it generates 

electrostatic changes in solutions, also showed that 

equilibrium is reached after very short time (05 min). 

Bradl [21], supposed that adsorption mechanisms 

include ion exchanging (reaction and fixation). 

Reaction between Zn
2+

 and cation exchangeable at clay 

surface can be expressed by:                 

nZn
2+

 +2M
n+

--Bentonite       2M
n+

  + nZn
2+

--Bentonite 

n:  Exchangeable cation valence. 

M: Exchangeable cation by Bentonite like Na, K, Mg 

and Ca. 

Arias and Sen [4] studies indicate clearly that zinc 

metallic ion adsorption (Zn
2+

) on kaolin goes through 

02 steps: a very fast adsorption of zinc metallic ion at 

external surface, followed by intra-particle diffusion 

inside adsorbent. Equilibrium time is 60 minutes. 

Madhava Rao and al [18], studied zinc removal by 

adsorption on activated carbon from Ceiba pentandra 

capsule (agricultural waste). Obtained kinetics 

expressed that equilibrium time is 50 min for initial 

zinc concentration of 50 mg/l and initial pH = 6.  

 

Kouakou  and al [22], tested zinc adsorption on 

commercial activated carbon, presented 20 ml of 

homogenized industrial water with 0.1g of activated 

carbon in a beaker of 250ml, applied many hours of 

stirring time. Equilibrium time found was 01 hr at pH 

6 and at 27°C. 

 

Several studies also confirmed activated carbon 

effectiveness to remove zinc as Monser and Adhoum 

study [23], who produced steady bed column results 

on ions adsorption for Cu(II), Zn(II) and Cr(VI) on 

modified activated carbon with sodium-diethyl-

dithiocarbamate (SDDC). They found that activated 

carbon modified with SDDC has an effective 

displacement capacity for Cu (II) (04-times), Zn (II) 

(04-times) and Cr (VI) (02-times) greater than 

unchanged activated carbon.  

They reported also that SDDC is adsorbed on 

hydrophilic part of carbon surface. 

 

Gräfe and Sparks [24] studied zinc and arsenic 

kinetics of adsorption on goethite. They found that 95 

% and 72 % of zinc and arsenic were adsorbed in first 

08hrs at pH 7. 

Effect of adsorbent dose 

      The effect of adsorbent dose on the removal of 

zinc was studied for initial zinc concentration of 5mg/l. 

Dose of adsorbent was varied from 0.5 to 8 g/l and the 

solutions where kept under stirring for 20 min, 30 

min, 01 hr and 03 hrs  in presence of bentonite  

goethite, PAC and kaolin respectively. For each 

treated sample, residual zinc content and final pH was 

measured.  

 

 
Figure 2: Effect of adsorbents dose on removal of zinc (5 mg/l) 

 

Obtained results show that zinc removal efficiency 

increases with introduced adsorbent dose increasing 

(fig 2). At 8g/l of bentonite, efficiency reaches 98.68 % 

and all residual contents obtained in zinc are largely 

low than 3 mg/l potability standard [25]. Efficiency 

stability over bentonite dose of 1g/l is due to 

adsorption site saturations. 

Goethite, Kaolin and PAC efficiencies increase with 

adsorbent dose increasing and reach 68.68, 74.4 and 

74.2%, respectively, for 8g/l dose of each adsorbent.      
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We have obtained same result by treating distilled 

synthetic water solution, initially containing 5 mg/l 

Zinc and varying bentonite dose (Calcic Bentonite) 

from 0.1 to 8 g/l [14]. According Zhang and al [26], 

zinc removal efficiency (100 mg/l) increases with 

Bentonite dose increasing (0.2 to 2 g/l).  

Madhava Rao and al [18] studied activated carbon 

dose (100 to 400 mg/l) effect, they found that 

efficiency get improved with adsorbent dose increasing 

until 300 mg/l, almost reaches 100%. Beyond this 

dose, efficiency remains nearly stable. Same result was 

found by Depci and al [19],who tested (VAAC) 

carbon dose effect on  Pb (II) and Zn (II) removal, 

0.01-0.2 g VAAC was added to test-tubes containing 

40 mg/l of ion in solution. Obtained results showed 

efficiencies of 91.5 % and 78 % for Pb (II) and Zn (II) 

respectively with 0.1 g VAAC. Above this weight, 

efficiencies became almost constant.   

Mishra and Patel [27] found same result using kaolin 

(5 to 20 g/l) to treat distilled synthetic solutions initially 

containing 100 mg/l of zinc. 

Table 1 show that pH equilibrium increase as 

increasing dose of each adsorbent tested. 

 

Table 1 : pH evolution according to both adsorbent dose at 

equilibrium time.  

Adsorbent dose 

(g/l) 

0.5 2 4 6 8 

  Goethite 5.62 5.63 5.65 5.73 5.93 

  Bentonite 7.56 7.94 8.02 8.12 8.33 

  Kaolin 6.19 6.20 6.22 6.26 6.46 

  PAC 6.02 6.22 6.62 6.69 6.65 

 

Basta and Tabatabai [28], proposed the following 

mechanism for metal adsorption on negative bentonite 

sites:          

                                 M
2+

 + H2O ↔ MOH
+

 + H
+

 

                  MOH
+ 

+ X 
-

 ↔ XMOH 

 

X : Bentonite surface ; M : Metal. 

Also, regarding reached pH for increasing bentonite 

doses, a zinc precipitation phenomenon as hydroxide 

form, can also be generated [29]. 

Benjamin and Leckie [30], proposed the following 

mechanism to describe divalent metal adsorption at 

iron hydroxide surface : 

SOHx   + Me
2+

                  SOMe
(2-x)+

   + x H
+ 

x: Proton number free by adsorbed metal (Me). 

SOHx : Average site surface concentration, occupied 

by metal. 

Effect of initial concentration of zinc    

        After using 1 g/l of adsorbent and varying initial 

ion metal concentration from 2 to 20 mg/l, solutions 

were stirred during contact time of 20 min, 30 min, 01 

hr and 03 hrs contacts with bentonite, goethite, PAC 

and kaolin respectively.  

According to results shown in Fig 3, we can notice that 

al curves represent same rate. Treatment efficiency 

decreases with initial zinc increasing 

Efficiencies decrease may due to adsorption site 

saturation at each adsorbent surface. 

 

 
Figure 3:  Effect of Initial concentration in removal of zinc  

 

By varying initial zinc content from 2 to 20 mg/l and 

setting calcic bentonite dose at 1g/l, we also noticed 

zinc removal efficiency decreasing [14]. Same note was 

done by Zhang and al, [26], when varying Zn(II) initial 

content between 30 and 250 mg/l for same bentonite 

dose. 

Shahwan and al [15], results confirmed that kaolin 

effectiveness in zinc removal is noticeable at low 

concentrations (1, 100 and 500 mg/l) of this metal. 

This effectiveness decreases progressively for initial 

zinc contents from 1 mg/l to 10000 mg/l. They also 

studied MgCO3 - kaolin mixture to remove zinc.  

Initial zinc content was varied from 0 to 2500 mg/l and 

set kaolinite mass with variation in MgCO3 content (5, 

10, 25 and 60 %), noticed adsorptive capacity 

increasing with MgCO3 percentage raising and with 

initial zinc content raising from 0 to 200 mg/g for 60 % 

of MgCO3. 

Balistrieri and Murray [31] have tested goethite to 

remove zinc in synthetic solutions which initial zinc 

contents range from 0.037 to 1.9 mg/l. Results noticed 

that efficiencies decrease with initial zinc content 

whatever was pH treatment (5 to 8).   

A same result was found by Theis and West [32], for 

solutions of 0.45 to 4.33 mg Zn/l treated in presence 

of 0.6 g/l of goethite. 

According to Madhava Rao and al [18], efficiencies 

decrease with initial zinc content increasing from 40 to 

200 mg/l at pH 6 and activated carbon fixed dose of 

10g/l.  

While Depci and al [19], tested the activated carbon 

(VAAC) prepared with local agricultural waste as 

apple-plup to remove lead and zinc, found that both 

metal adsorptive capacity increases when initial 

concentration increases (25, 30, 35 and 40 mg/l ) at 
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fixed dose of adsorbant (4 g/l). Same result found by 

Ramos and al [33], who studied zinc removal on three 

carbon types ( Carbon from Mexico, Carbon modified 

with HSL and Carbon modified with F-300 and F-

400). Initial zinc content was ranged from 0 to 60 mg/l 

with 1g/l previous carbons at pH 7. 

 

Zinc adsorption isotherm 

       Results operation according to Freundlich and 

Langmuir laws is made by considering a fixed 

adsorbent dose (1g / l) and varying concentrations of 

initial variable Zn concentrations from 2 to 20 mg/l. 

Linearized forms o f these models are expressed by 

Weber and al [34] : 

Freundlich isotherm equation: 

Ce
n

k
m

x
log

1
loglog   

Langmuir isotherm equation: 

Cebqmqmx

m 111



  

Ce : Zinc concentration at equilibrium (mg/l) 

x = (C0 – Ce) : Fixed zinc quantity (mg/l) 

m : Adsorbent mass (g) 

qm : Ultimate adsorption capacity (mg/g) 

k, n, b : Adsorption constants 

 

Through least-squares method adjustment, we obtain 

for each studied law and tested adsorbent, straight with 

correlation coefficients between 94.9% and 99.3% 

(Figure 4). Various constants deduced from obtained 

straight equations are summarized in Table 2. 

 

Linearized forms application of Freundlich and 

Langmuir laws allowed verifying that these two models 

are appropriate and zinc removal efficiencies vary in 

same way with both models. Behavioral differences 

seem to appear because of maximum adsorption 

capacity qm for each adsorbent. Best adsorption 

capacity is obtained for bentonite 13.89 mg/g, then 

3.70., 3.29 and 2.91 mg/g for kaolin, PAC and 

goethite respectively. 

 

 

 

Figure 4: Freundlich and Langmuir isotherms for zinc removal on 

bentonite of Maghnia, goethite, PAC and kaolin. 

 
Table 2 : Freundlich and Langmuir isotherm parameters. 

Adsorbent 

Freundlich Langmuir 

n k R
2

 
qm 

(mg/g) 

b 

(l/mg) R
2

 

Bentonite 2.35 11.07 0.949 13.89 5.54 0.993 

Kaolin  2,65 1,32 0.951 3,70 0.50 0.989 

Powdered 

activated 

carbon 

1,69 0,55 0,973 3 ,29 0,18 0,978 

Goethite 1,41 0,37 0.980 2,91 0.14 0.961 

 

 

Effect of pH 

       Zinc adsorption experiments were conducted in 

presence of 1g/l of adsorbent and 5 mg/l of zinc. pH 

was adjusted to 4, 6, 7and 9 successively and 

maintained constant during stirring time about 20 min 

30 min, 01 hr and 3 hr and 01 hr  for bentonite, 

goethite, kaolin and PAC, respectively, using NaOH 

(0,1N) and HCl (0,1N) solutions. 

Experiments results (Fig 5) shows a gradual increase in 

adsorption with increase of pH. 

For bentonite, kaolin, PAC and goethite, best 

efficiencies are obtained in basic medium while best 

one is at pH 9, with removal rates at 98.44℅, 82.2%, 

85.15% and 92.26 %, respectively. 
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Adsorption increasing with pH is due to adsorption 

site number increasing depending on pH (hydroxyl 

groups, oxydes and clay minerals) as well as H
+

 ion 

competition reduction and preferential (ZnOH
+

) 

hydrolyzed species adsorption. 

 

 
Figure 5 : Effect of pH on removal of  zinc (5 mg/l) by adsorption 

on bentonite, goethite, kaolin and PAC. 

 

Sen and Gomez, Larakeb and al, Mohammed Azizi 

and al [12, 14, 13], confirmed that zinc removal 

efficiency increase on bentonite with pH increasing. 

According to Abollino and al, Achour and Youcef, 

Youcef and Achour [28, 35, 36], metallic ions 

adsorption on sodic bentonite decreases with pH 

decreasing. 

At low pH, hydrogen ions compete with heavy metals 

for surface sites. In addition, Si-O
-

 and Al-O
-

 groups 

are less deprotonated and hardly form complexes with 

divalent and trivalent ions. 

Zhang and al, [26] showed that zinc removal by 

bentonite as adsorbent depends highly on pH. 

Removal percentage increases with pH increasing 

from 1 to 7. Low efficiencies at pH <2 may be due to 

competition raise for adsorption sites between H
+

 and 

Zn
2+

. By pH increasing, negative charge site number 

increases which facilitates more Zn
2+

 ions adsorption. 

At pH> 7, Zn(OH)2  precipitation plays the main role 

in Zn
2+

 removal. 

The study of removal of copper, zinc and cadmium by 

adsorption on goethite enhanced that adsorption zinc 

efficiency increase from 15 to more than 90 % with 

pH increasing between 6 and 7 [37]. 

Arias and Sen [4] and Mishara and Patel [26] applied 

experiments confirmed that zinc removal efficiency on 

kaolin increases with pH increasing.  

Madhava Rao and al, [18] indicated that best efficiency 

of removal of zinc by adsorption on carbon is founded 

at pH 6 for initial 50 mg/l zinc concentration, 300 mg/l 

carbon dose and 50 min stirring time. Ramos and 

al,[34] tested pH effect on adsorption phenomenon. 

They noticed that pH solution raised during Zn (II) 

adsorption on carbon F-400 and diminish during 

adsorption on carbon from Mexico. Consequently, 

both Zn
+2

 and H
+

 ions were simultaneously adsorbed 

on carbon F-400 surface and probably competed for 

same ions. For carbon from Mexico, Zn
+2

 ions were 

adsorbed while H
+

 ions were desorbed on its surface. 

This last phenomenon, known as ions exchange, and 

H
+

 was probably adsorbed from surface site where Zn
+2 

can be adsorbed. 

The tests of pH effect on copper, zinc and 

cadmium adsorption on goethite, show that zinc 

adsorption efficiency increase from 15 to 80% for 

copper and lead at pH 7 and 8, respectively,  70% at 

pH 7 for zinc and from 50 to 60% at basic medium 

(pH 8 and 9) [38]. 
 

Conclusion  

 

Our work aimed to study zinc removal possibilities by 

adsorption on clays (bentonite of Maghnia, kaolin), on 

an iron oxide (goethite) and on powdered activated 

carbon (PAC). Applied study, we achieved, allowed us 

to notice that: 

- Equilibrium time is reached after 20 min of stirring 

solutions of zinc (5 mg/l) in presence of bentonite of 

Maghnia and 30 min, 60 min and 180min in presence 

of goethite, kaolin and powdered activated carbon 

respectively. 

- Zn removal efficiency is improved with adsorbent 

dose increasing (0.1 à 8 g/l). For bentonite doses 

greater than 1g/l, zinc removal efficiency exceeds 

98.68%. However, at 8g/l dose of kaolin, PAC and 

goethite, it only reaches 74.4, 74.2 and 68.68%, 

respectively. 

- Zinc removal, by adsorption on above adsorbents, is 

more effective for water at low zinc contents, and 

treatment efficiency decreases with initial zinc content 

increasing (2 to 20 mg/l).  

- Zinc adsorption is influenced by pH. Best 

efficiencies were obtained on basic mediums. 

Tested adsorbent efficiency for zinc removal in 

synthetic solution follows the order: 

bentonite of Maghnia  > kaolin > PAC > goethite, 

independently from reaction parameter variations 

(contact time, adsorbent dose, initial zinc content and 

pH of treatment). 
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Abstract 

For the purposes of this article the hardness of material 42CrMo4 steel which is manufactured by metal injection molding 

(MIM) process was measured by Vickers method. When determining hardness the following loads: 196,1; 294,1; 392,2; 

490,2; and 980,4 N were used. The objective was to determine the unknown relationship between applied load and 

hardness. A numerical processing of the experimental data was performed in the software package MATLAB (v.R2012.a, 

The MathWorks, Inc., Natick, MA, USA). The impact of the load on the hardness was determined by regression analysis. 

In calculating the undetermined coefficients two mathematical models were used, Meyer’s law and a model of resistance 

proportional to the properties of the sample (PSR). The results show that used mathematical models very well describe 

the effect of the load on the measured hardness.  

Keywords: steel 42CrMo4, hardness , metal injection molding

1. Introduction 

Metal injection molding (MIM) combines two 

technologies, plastic injection molding and powder 

metallurgy. MIM process is ideal for small production 

of complex parts with excellent mechanical properties. 

Compared to traditional manufacturing process MIM 

offers greater freedom of designing parts made from 

stainless steel, nickel-iron, copper, titanium and other 

metals [1]. A very important step in the MIM process 

is the production of raw materials which will be used. 

In order to achieve good flow, which is required in the 

metal injection molding process, the powder is mixed 

with thermoplastic polymers (also known as a binder) 

in a hot state to form a mixture in which all metal 

particles are equally coated with the binder. The result 

is a non-united sample which is then subjected to a 

binder removal process. Mixing metal or ceramic 

powders with organic binders in the production 

process is a critical step to ensure a quality product [2]. 

Research has shown that MIM improves product 

quality, reduces production time and achieves cost 

savings of up to 50%. Although new technology, MIM 

process is becoming widely accepted as a standard 

procedure in the number of industrial sectors 

including medical, military applications, precision 

engineering and automotive industry.  

2. Hypothesis 

Numerous studies show that the hardness depends 

on the load. For most materials hardness reduces with 

increased load (normal impact load hardness), while 

some material hardness increases with load (reverse 

impact load for the hardness) [3]. In our case 

dependence of load to hardness is not defined 

because the properties of parts manufactured by MIM 

process are unknown. So, the main objective of this 

study is to determine the relationship between load 

and hardness of material manufactured by MIM 

process.  

For the purposes of this paper material samples of 

42CrMo4 steel hardness were measured by Vickers 

method. Hardness testing is probably the most 

commonly used test of mechanical properties. Despite 

the mechanical properties are determined by testing, 

the hardness is not physically unambiguously defined 
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size, and is correlated with other mechanical 

properties. This primarily refers to the tensile strength, 

resistance to abrasive wear and so on. For the test it is 

not required to make a special tube, but it is only 

appropriate to prepare the sample surfaces or 

mechanical parts. The most commonly applied 

method for measuring the hardness of metal materials 

are methods of Vickers (HV) and Brinell (HB). 

For each of five specified loads 15 samples were 

measured (every load three prints), which resulted in 

total of 225 prints measured. The prints were taken on 

the random places of the samples. The dimensions of 

samples are 6x4x44 mm. The samples were hardened 

on 850°C for 30 minutes and cooled in oil. Prior to 

measuring, the surface of samples was prepared with 

80 gritt sand paper. 

All measurements were done on the device VEB 

Werkstoffprüffmachine ‘’Fritz Hecker’’ (Figure 1). 

The following loads were used: 196,1; 294,1; 392,2; 

490,2 and 980,4 N.  

Figure 1. Vickers imprint of diamond pyramid 

 

The microstructure of 42CrMo4 steel is 

homogeneous and has a very low share of non-metallic 

inclusions. Table 1 shows the chemical composition of 

42CrMo4 steel which was measured by spectroscope 

Arun PolySpek model M. 
 

Table 1. Steel chemistry 42CrMo4 [4] 

C, % Si, % Mn, % Cr, % Mo, % 

0,41 0,20 0,75 1,05 0,23 

 

2.1. Regression analysis  

 

When the mathematical model of behavior is not 

known, there are several methods to obtain it from 

experimental results. One such method is regression 

analysis. Results are experimentally obtained for 

various levels of factors. From each level and 

appropriate results, couples of numerical values are 

formed [5]: 

 

                              (1) 

 

which in the case of the tests can be shown by table 2. 

 

2.2. Regression analysis in Matlab 

 

The regression of analysis was used to determine 

impact of the load on the hardness. There are several 

mathematical models that are used for the quantitative 

determination of dependence of the applied load and 

the size of the print like Meyer’s law and model of 

resistance proportional to the properties of the sample 

[6,7]. 

Numerical processing of the experimental data was 

performed using the software package MATLAB 

(v.R2012.a, The MathWorks, Inc., Natick, MA, 

USA).   As an input data for the calculations measured 

data was used (Table 2).  

 
Table 2. Summary results 

Load, N    , mm Hardness, HV 

196,1 0,3643 ±  0,0063 285,1  

294,1 0,4480 ± 0,0046 278,3  

392,2 0,5170 ± 0,0065 273,8  

490,2 0,5808 ± 0,0118 204,4  

980,4 0,8259 ± 0,0056 269,9  

 

 

2.3. Polynomial regression – Meyer law 

 

Meyer’s law is mathematical model that describes 

connection between the applied force F and measured 

diagonal base print d of Vickers pyramid in the 

material. According to the literature value of Meyer 

index n is in the range from 1.5 to 2.0. If Meyer’s 

index is n<2 then the hardness depends on the applied 

load, and if n=2 then the applied load has no effect on 

the measured hardness (Figure 2). The mathematical 

form of Meyer’s law states [3]: 

 

         (2) 

where: 

F [N] – applied force, 

k –  material constant, 

n – Meyer’s index 

d [mm] – diagonal imprint. 
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The most commonly used regression models are 

those which meet the description of the regression line 

using a polynomial. In this case, polynomial regression 

was performed using Meyers law.  

To be able to make a polynomial regression, 

function describing Meyer’s law must first be 

linearized. 

 

                                                    

 (3) 

                                                             

(4)                                

                      (5) 

                                  

(6) 

                                                                               

(7) 

                                          k                                   

(8) 

                                                                       

(9) 

                                               (10) 

 

Once the function is linearized it is necessary to adapt 

the measured data, to the new linearized model. 

Adjusted data for Meyer’s law are shown in table 3. 
 

Table 3. Example of coding data for Meyer’s law 

Log(F) Log(dsr) 

5.2786 -1.0099 

5.6839 -0.8029 

5.9718 -0.6598 

6.1948 -0.5434 

6.8880 -0.1913 

 
Figure 2. Meyer index [3] 

 

2.4. Results – Meyer law 

 

The most common interpretation of the load on 

the hardness, according to the professional literature, 

is directly connected with the structural factor of the 

material. Meyer proposed an empirical relationship 

between the applied load F and the size of the print d. 

This relationship is commonly called Meyer’s law. 

Measure of the impact of load on the hardness is the 

coefficient n. The parameters were obtained from the 

logarithmic dependency of hardness on the display 

diagonal (Figure 3). Figure 3 represents the slope of 

Meyer index n, and the ordinates axis intercept 

represents the log(k). 

The resulting linear relationship indicates that 

Meyer’s model is suitable to describe the impact of 

load on the hardness of 42CrMo4 steel (       ). 

Parameter values k are determined by linear 

regression analysis and amount (Figure 3): 

 

                      (11) 

                                       

 (12) 

                               1.00  

 (13) 

 

The resulting function is: 

 

                                         (14)  

 

 
Figure 3. F-d correlation according to Meyer's law 

 

The resulting value of Meyer’s index n is less than 

2 (n=1.9662) and therefore indicates that the applied 

load affects the hardness of the tested material (Figure 

2).  
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2.5. Polynomial regression – PSR model 

 

As an alternative to Meyer’s law we also used 

model of resistance proportional to the properties of 

the sample (PSR) model.  

PSR model was developed by the researchers Li 

and Bradt [3]. In this model, applied load F and print 

size d are connected in mathematical expression of the 

form: 

 

              
             (15) 

 

In the above equation    and     are coefficients 

that are related to the apparent hardness of the sample 

hardness (plasticity).    is in the unit of N/mm, and    

in N/mm
2

. The parameters    and    can be assessed 

from the linear – regression analysis of the relationship 

F - d, but it is necessary to linearize the mathematical 

function:  

 

                                 
               

(16) 

                   (17) 

                    
 

  
         (18) 

                                (19) 

                                        (20) 

                                   

 (21) 

Once the function is linearized it is necessary to 

code the mesured data, or adjust them to the new 

linearized model as well as in the application of 

Meyer's law. 

Table 4. Example of coding data for PSR model 

F/d, N/mm    , mm 

1.5656 0,3643 ±  0,0063 

0.8499 0,4480 ± 0,0046 

0.9566 0,5170 ± 0,0065 

1.0569 0,5808 ± 0,0118 

1.5563 0,8259 ± 0,0056 

 

2.6. Results – PSR model 

The parameters    and    are obtained from the 

display depending on the size of the Vickers pyramid 

diagonal (Figure 4). The slope represents the 

parameter    and section on the vertical axis is 

represented by the parameter   .  

The resulting linear relation indicates that the PSR 

model is suitable for describing the impact of load on 

the hardness of 42CrMo4 steel (       ). 

The values of the parameters a1 and a2 are 

determined by linear regression analysis (Figure 4): 

     28.7069                     (22) 

    1403.9693                  (23) 

         0.99           (24) 

 

The resulting function is: 

 

                      (25) 

 

Figure 4. F-d correlation according to PSR model 

 

 

Conclusion  

 

For the quantitative determination of the load 

impact on the hardness, two suitable mathematical 

models were used – Meyer’s law and a model of 

resistance proportional to the properties of the 

sample. The calculated value of correlation coefficient 

         clearly indicates that Meyer’s law can be 

applied for the purpose of quantitative determination 

of the impact load on the hardness of 42CrMo4 steel 

manufactured by metal injection molding process.  

The resulting value of Meyer’s index is n = 1.9662, 

and is less than 2, which indicates that the applied load 

affects the measured hardness of the material. 
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Abstract 

The resistance of poly (vinylidene fluoride)/poly (methyl methacrylate) (PVDF/PMMA) blends was investigated using the 

artificial aging and neutral salt spray tests. The solution of each polymer was prepared using the N, N-dimethylformamide 

(DMF) as a solvent for the two polymers. The PVDF/PMMA blend is a compromise of a great development in the field 

of architectural preservation, since it is the best method in term of quality and price to make new polymeric materials 

having enhanced properties. The addition of PVDF to PMMA enhances the properties of this last to know the exhibition 

in the natural and artificial ageing and to the saline fog. The results showed that the exposure of coatings to artificial aging 

and to the salt water vapors showed a high resistance of the blend at compositions ≥ 70 of PVDF/PMMA.  

Keywords: PVDF, PMMA, coating, artificial aging, neutral salt spray. 

1. Introduction 

Materials have always defined the level of 

development of our civilization [1], among other 

polymeric materials that have shaken much the habits 

of industry and those of consumers that the time since 

the eighties , the global production of plastics exceeds 

in volume that of metals . 

Today, polymeric materials are present in all areas of 

human activity [2], from the packaging to the 

interplanetary rocket; among their various applications 

include the restoration and preservation of historical 

monuments (ruins, sculptures, paintings...). 

In general, the fluorine substitution of the hydrogen 

atoms present in a macromolecular chain improves 

the heat resistance and chemical resistance, delays or 

inhibits flame propagation, lowering the critical surface 

tension and exalts the dielectric characteristics. 

However, the stability of fluoropolymers is the key 

factor in their usual performance [3]. Acrylic resins 

undergo deterioration face conditions under UV 

radiation [4]; therefore their use as agents for the 

protection of stone is limited. Their climatic exposure 

causes degradation of their structure as well as serious 

damage to the stone.  

For this reason, acrylic resins are now less used in the 

conservation of historic structures exposed to 

atmospheric agents. However, their physical 

characteristics and their low price always consider an 

important research topic in the protection of the stone. 

On the other hand, the fluoropolymers present a good 

chemical inertness and well UV resistance [5]. 

In our work, the focus was on the development of 

films based blends of PVDF and PMMA who 

underwent exposure to artificial weathering and salt 

spray. The PMMA has a good optical property and 

rigidity; this is the best organic glass. It can easily be 

colored, as used as safety glass for aircraft (transparent 

domes) and as optical glass [6].  

2. Experimental 

PVDF designated Hylar 5000, special coating as a 

white powder, manufactured by Ausimont, Italy was 

used as received. PMMA designated Vedril ® Spa 

(Resina Metacrilica) made by Mont Edison, Italy was 

used as received. The PVDF/PMMA films were 

obtained by casting each polymer separately in the 
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DMF at 70°C at different weight contents (0, 10, 20, 

30, 40, 50, 60, 70, 80, 90 and 100 wt %). 

 

 Exposure of coatings to artificial aging (fluorescent 

UV and water) according to standard ISO 11507: 

1997 (E): 

Artificial aging of the paint coating and subjected to 

condensation to ultraviolet fluorescent lamps is 

performed to obtain a degree of modification of one 

or more properties, after a light exposure or a 

mutually agreed upon total number of hours test. An 

accelerated Weathering Tester Q. PANEL 

COMPANY as test chamber was used. Ultraviolet 

light is emitted from a UV mercury arc lamp, low 

pressure with wavelengths between 270 and 400 nm, 

alternating cycles and 4 hours. Knowing that a cycle 

contains 500 hours and is equivalent to an outdoor 

exposure (natural aging) a year; and a temperature of 

up to 50 ° C. 

 

Resistance determination to neutral salt spray test 

according to ISO7253: 1996(E): 

The test solution should be prepared by dissolving 

sodium chloride in water as defined in ISO 3696 to 

give a concentration of (50 ± 5) g.m
-3

. The measured 

temperature inside the spray chamber should be (35 ± 

2) ° C; with a heating temperature of 55 ° C. The 

average recovery rate of the sprayed solution, 

measured over a minimum period of 24 h is 1 ml per 

hour to a horizontal collector surface area of 80 cm
2

. 

  

3. Results and discussion  

 

Coatings Exposure to the artificial aging 

The table 1 shows the variation the artificial aging 

resistance of the different compositions of the PVDF / 

PMMA blend, it is noted that the PVDF (100/0) film 

exhibits an excellent resistance to accelerated aging on 

a period of two years (> 17,000 hours) at 50 ° C and an 

UV radiation between 270 and 400 nm; and the same 

for 90 /10, 80/20 and 70/30 compositions.  

The PMMA (0/100) film has cracked and the 

resistance of the other of compositions was good, 

medium and bad one. 

  

 

 

 

 

Figure1. Artificial aging resistance of the different 

compositions of the PMMA; (a) Reference film, (b)  

Film after exposure to artificial ageing.  

 

Figure2. Artificial aging resistance of the different 

compositions of the PVDF;  (a)Reference film (b)  

Film after exposure to artificial ageing 

 

Table 1. Artificial aging resistance of various 

compositions of PVDF /PMMA blends 

PVDF (%) 0 10 20 30 40 50 60 70 80 90 100 

Film 

resistance 5 4 4 2 2 2 3 1 1 1 1 

1 Excellent film resistance,   2 Good film resistance,  

3 Medium film resistance,  4 Bad film resistance   and     

5 Film cracking. 

 

Coating exposure to the neutral saline fog 

Table 2 shows the variation of neutral saline fog as a 

function of different compositions of PVDF/PMMA 

blends, it is observed that pure PVDF samples give an 

excellent film resistance to the saline vapors under a 

pressure of 70 to 170 KPa at 35°C. The same results 

are also available for 90/10, 80/20 and 70/30 

PVDF/PMMA fractions. 

Pure PMMA films (0/100) present a medium 

resistance. Regarding the remaining compositions, the 

(a)                                                 (b) 

(a)                                                (b) 
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resistance evaluation varies between good, medium, 

bad and total corrosion of the plate.  

 

Figure3. Neutral saline fog resistance of the different 

compositions of the PMMA;  (a) Reference film,  (b) 

Film after exposure to neutral saline fog 

 

 

Figure4. Neutral saline fog resistance of the different 

compositions of the PVDF; (a) Reference film, (b) 

Film after exposure to neutral saline fog 

 

Table 2. Resistance to neutral saline fog at different 

compositions of PVDF/PMMA blends. 

PVDF 

(%) 

0 10 20 30 40 50 60 70 80 90 

Film 

resistance 3 4 5 4 3 2 3 1 1 1 

 

1 Excellent film resistance,   2 Good film resistance,  

3 Medium film resistance,   4 Bad film resistance 

(plate corosion)   and     5 Total plate corrosion. 

 

 

 

Conclusion  

 

From the different results obtained, it can be 

concluded that:  

-  The exposure of coatings to artificial aging 

(fluorescent UV and water) showed a high 

resistance of the blend at compositions ≥ 70 of 

PVDF/PMMA. 

- The coating exposure to the neutral saline fog 

showed that the PVDF has an excellent 

resistance to salt water vapors at compositions ≥ 

70 of PVDF/PMMA.  
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Abstract 

The absorption spectrum of Cr
3+

 in BIGaZYTZr (30BaF2-18InF3-12GaF3-20ZnF2-10YF3-6ThF4-4ZrF4) fluoride glass is 

characterized by the presence of features on the 
4

T2g(
4

F) absorption band. These features result from interaction of the 
2

Eg(
2

G) and 
2

T1g(
2

G) sharp levels with the vibrationally broadened 
4

T2g(
4

F) quasi-continuum via spin-orbit coupling. We have 

analyzed this phenomenon in the frame of the Fano’s antiresonance model. This analysis permits us to determine the 

electronic structure of the chromium ion Cr
3+

 by the crystal field theory. A good agreement between the theoretical and the 

experimental energy levels are obtained. The fitted parameters by Fano’s antiresonance model and the crystal field 

parameters obtained in this work are compared with those of homologous fluoride glasses.  

Keywords: Crystal field, transition-metal, fluoride glass, interference dip, Fano’s antiresonances. 

1. Introduction 

Considerable interest has been devoted to 

fluoride glasses, particularly heavy metal fluoride 

glasses. The optical properties of fluoride glasses are 

important for accurately designing optical systems, 

optical fiber waveguides, fiber lasers and amplifiers [1-

5]. Furthermore, the ease of preparation, high 

concentrations of transition-metal ions can be 

incorporated into these matrices. These doping ions 

present favorable spectroscopic properties. Cr
3+

 doped 

glasses have attracted much attention over the past few 

years because of applications to lasers [6] and solar 

concentrators [7]. The states of transition metals in 

host glasses are known to be influenced by several 

parameters such as type and glass composition. 

The optical absorption spectrum of Cr
3+

 doped 

BIGaZYTZr (30BaF2-18InF3-12GaF3-20ZnF2-10YF3-

10ThF4-4ZrF4) fluoride glass was measured by Elejalde 

et al. [8]. This spectrum consists of broad absorption 

bands with the presence of features which are 

attributed to the d-d transitions of the active center Cr
3+ 

with 3d
3 

configuration. It is approved that in most 

glasses, Cr
3+

 ions occupy sites having nearly perfect 

octahedral symmetry because of the strong ligand field 

stabilization energy of Cr
3+

 in six-fold coordination [9]. 

In this paper, we are interested in studying the 

absorption spectrum of Cr
3+ 

doped BIGaZYTZr 

fluoride glass. In the first part, we give a qualitative 

study of the interaction between quartet 
4

T2g(
4

F) and 

doublet 
2

Eg(
2

G) excited levels via spin-orbit coupling by 

using the notion of adiabatic potential energy surfaces. 

In the second part, we concentrated our study on the 

features observed at the long wavelength 
4

A2g(
4

F) → 
4

T2g(
4

F) absorption band of Cr
3+

 doped BIGaZYTZr. 

These features have been analyzed by Fano’s 

antiresonance model [10-11]. Finally, we present a 

detailed crystal-field analysis of the electronic energy 

levels of Cr
3+

:BIGaZYTZr based on the Racah theory. 

This theoretical analysis leads to the Racah and crystal-

field parameters for this ion. The splitting of the Stark 

levels under spin-orbit interaction is also considered. 

By comparison with other fluoride glasses, we tried to 

deduce informations such as the intensity of the 

crystal-field on Cr
3+

 ion (from Dq parameter) as a 
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function of the glass composition, the disorder in these 

glasses, etc....  

2. Experimental Support 

The spectroscopic properties of Cr
3+

 in 

BIGaZYTZr (30BaF2-18InF3-12GaF3-20ZnF2-10YF3-

6ThF4-4ZrF4) fluoride glass has been investigated by 

Elejalde et al. [8]. The optical absorption spectra 

measured by these authors will be used for the 

theoretical study of this article.  

Figure 1 presents the room temperature 

absorption spectrum of Cr
3+

 (0.2 mol%) doped 

BIGaZYTZr fluoride glass. The absorption spectrum 

is characterized by two spin-allowed broad bands 

centered at 15391 and 22423 cm
-1

, which are attributed 

respectively to the vibronically broadened transitions 
4

A2g(
4

F) → 
4

T2g(
4

F) and 
4

A2g(
4

F) → 
4

T1g(
4

F).  

The 
4

A2g(
4

F) → 
4

T2g(
4

F) absorption band shows a fine 

structure due to the spin-forbidden 
4

A2g(
4

F) → 
2

Eg(
2

G) 

and 
4

A2g(
4

F) → 
2

T1g(
2

G) transitions.  

 

Figure 1. Optical absorption spectra of Cr3+ doped BIGaZYTZr 

fluoride glass (plotted line) at room temperature and fits to a 

Gaussian function (dashed line) [8]. 

3. Theoretical Background  

The fine structure observed on the 
4

A2g(
4

F) → 
4

T2g(
4

F) absorption band of Cr
3+ 

doped BIGaZYTZr 

fluoride glass will be analyzed following the Fano’s 

antiresonance model. Then, the electronic structure is 

determined by the crystal field theory which reposes 

on the Racah tensor algebraic methods. In this section, 

we remember briefly the Fano’s antiresonance and 

crystal field theories. 

 

3.1. Fano’s antiresonance method 

Antiresonances features are analyzed by means of the 

Fano’s profile function R(ω). This function is obtained 

from the ratio of the experimental absorption 

spectrum to the background spectrum, the latter being 

obtained by fitting the wings of the experimental 

absorption spectrum with a Gaussian function. In the 

notation of Sturge et al., the Fano’s theory is provided 

as [12]: 

 

           
 
  

       
   

    
 

 

 
(1) 

 

where: 

   
     

  
,    

         

          

   
      

 

         

   
        ,        

   
    

   
  

 

The index i ranges over the number of sharp 

levels (two in our case, i =1 for 
2

Eg (
2

G) and  

i =2 for 
2

T1g (
2

G)). Interactions between these sharp 

levels and the vibrationally broadened 
4

T2g (
4

F) are 

neglected. φi is the wave function of the sharp level in 

the absence of the interaction Hi with the continuum 

(spin-orbit in our case). Φi represents a modification of 

φi by the continuum and ψ0 the ground state. z is the 

optical operator (electric or magnetic dipole). 

   

   
and    

   
arise, respectively, by auto-ionisation of 

φi and by direct transition from ground state ψ0. 

The four parameters   
 , γi, qi and ωri are to be 

fitted. The parameter   
  gives the fraction of the band 

states that take part in the interference process. γi 

indicates the spectral width of the sharp state (
2

Eg or 
2

T1g). qi is a numerical index which characterizes the 

line profile. A value of qi close to zero corresponds to 

a “true” antiresonance. Finally     is the resonance 

energy which is slightly shifted due to the interaction 

with the continuum, compared to the resonance 

energy for the unperturbed sharp absorption line. 

 

3.2. Crystal field study of the Cr
3+

 in phosphate glasses 

The total Hamiltonian of a 3d
N

 ion in an arbitrary 

symmetry site is written as [13,14]: 

 

     H  =  H0  +  HTrees+ HCF  +  HSO                    (2)  
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H0 is the Coulomb interaction including electron-

electron repulsions. This Hamiltonian gives the 
2S+1

L 

terms: two quartet terms (
4

F ground state and 
4

Pexcited 

state) and six doublet excited terms (
2

H, 
2

G, 
2

F,   
 ,   

  

and 
2

P ) for Cr
3+

 with a 3d
3

 configuration. The 

eigenvalues of Hamiltonian H0 are expressed as a 

function of the Racah parameters B  

and C [13,15]. HTrees is the Trees correction describing 

the two-body orbit-orbit polarization interaction (α is 

the Trees parameter) [16,17]. HSO is the spin-orbit 

(SO) coupling (ζ is the one electron SO parameter). 

HCF is the crystal field Hamiltonian, which is 

represented for octahedral symmetry Oh in the 

Wybourne’s notation by the following [18,19]: 

 

      
      

   
   

 

  
   

   
    

   
                (3) 

 

  
    is the octahedral CF parameter and   

  are the 
Racah tensor operators. The matrix elements of   

  
operators are calculated numerically by the Racah 
tensor algebraic  
methods [20],  whereas the Racah parameters B 
and  , the Trees parameter α, the crystal field 
parameter   

    , and the one electron SO 
parameter ζ have to be determined from the 
optical spectra. The parameter Dq, characteristic 
of transition metals, shows the crystal field 
strength and is related to the B4

oct parameter by 
the relation: 10Dq = 21 B4

oct. 
The spin-orbit coupling term ζ is related to racah 
parameters B and C by the relation [21]: 
 

ζ = N
2
ζ0  with     

 

 
   

 

  
  

 

  
      (4) 

B0= 918 cm
-1 

and C0= 3850 cm
-1

 are the Racah 

parameters and ζ0 = 273 cm
-1

 is the spin-orbit coupling 

coefficient of the free Cr
3+

 ion [22]. 

Since, the crystal-field is of the intermediate strength 

for 3d
N

 transition ions of the first series in crystals, 

[13,15,18] the basis functions                   in the 

LS-coupling scheme have been adopted in our 

computer package. As a part of a larger project, we 

have set to develop a crystal field analysis computer 

program based on MAPLE software to calculate the 

energy levels and state vectors for any transition metal 

ion with the 3d
N 

configuration  

(N = 2, 3, 7, 8) located at sites with symmetry given by 

any of the 32 crystallographic point groups. This 

computer program has been tested and has given the 

same results as the one of Y. Yeung and C. Rudowicz 

[23].
 

4. Results And Discussion 

The absorption spectrum of Cr
3+

 in BIGaZYTZr  glass 

shows features due to the interaction between the 
2

Eg(
2

G) and 
2

T1g(
2

G) sharp levels and the vibrationally 
4

T2g(
4

F) quasicontinuum. The interactions between 

states of different spin multiplicities lead to 

interference dips. In this section, we first explain the 

origin of these dips in the model of adiabatic potential 

energy surface. Then, we analyze these features 

according to the Fano’s antiresonance theory. Finally, 

we determine the electronic structure of Cr
3+

 in 

BIGaZYTZr by using the crystal field theory.  

 

4.1.  Adiabatic potential energy surface used to explain 

the interference dips  

To explain the origin of the interference dips, 

we use the notion of adiabatic potential energy 

surfaces. In this model, we characterize the 

interference between the quartet 
4

T2g(
4

F) and the 

doublet 
2

Eg(
2

G) excited states because it is an obvious 

dip in the absorption spectrum of Figure 1. We have 

not taking into account the interaction with the 
2

T1g(
2

G) 

excited state because the values of the parameters that 

describe the interference dip for this state  are more 

inaccurate due to the contribution from the 
4

T1g(
4

F) 

excited state. The origin of the Fano’s antiresonance is 

explained by the spin-orbit coupling between the two 

states 
4

T2g(
4

F) and 
2

Eg(
2

G) [10-11]. In this qualitative 

study, each harmonic potential is defined along a 

single normal coordinate Q with its frequency k in 

wavenumber units. The position of the potential 

minimum and the vibrational frequency for the 
2

Eg(
2

G) 

state are identical to the ground state potential 

minimum 
4

A2g(
4

F), set to Q=0. This doublet state is not 

displaced along the normal coordinate because the 

electronic transition corresponds to an intra-

configurational d-d excitation [24-27]. The position of 
4

T2g(
4

F) minimum is displaced along Q by an amount 

ΔQ and we consider its vibrational frequencies to be 

identical to those on the ground and doublet excited 

states. This quartet state surface is displaced to longer 

metal-ligand bond distances because the d-d excitation 

populates metal-ligand antibonding molecular orbitals 

[24-27]. The magnitude of the displacement ΔQ is 

determined from the width of the spin-allowed 

absorption band in the experimental spectrum. E(
2

Eg) 

and E(
4

T2g) are the energy of the potential minimum 

for 
2

Eg(
2

G) and 
4

T2g(
4

F) states respectively. The 

potentials for the two excited states in the absence of 

spin-orbit coupling are given by : 



Electronic structure and Fano’s antiresonance ….               JNTM(2016)                          Hajer Souissi et al. 

 

37 

 

    
       

 

 
           

                    (5) 

     
       

 

 
                 

   (6) 

If we take into account the spin orbit coupling, the 

quartet excited state 
4

T2g(
4

F) is split into four levels (2G, 

E1 and E2) and the doublet excited state just undergoes 

a displacement (G). The corresponding uncoupled 

potentials are called diabatic potentials. The 

interaction between the same symmetry levels (G) 

deriving from electronic states of different 

multiplicities leads to the observed spin-forbidden 

transition from 
4

A2g(
4

F) ground state to 
2

Eg(
2

G)  excited 

state. Effectively, the 
4

T2g(
4

F) and 
2

Eg(
2

G) diabatic 

potentials are coupled by a constant V12 which its 

magnitude is on the order of the spin-orbit coupling 

constant ζ. These coupled potentials are called 

adiabatic potentials and are obtained by diagonalizing 

the following 2x2 potential matrix:  

 

    
 ,    

    
     

     

         
  

          (7) 

The adiabatic potentials are given by the following 

expression [34]: 

 

    
 

 
                  

              (8) 

    
 

 
                                 (9) 

 

 where V+ and V- are the upper and lower adiabatic 

potentials. The adiabatic excited state surfaces are 

shown as solid lines and the dotted curves 

corresponding to the diabatic excited state potential 

energy as illustrated in Figure 2. The consideration of 

the spin orbit coupling between 
2

Eg(
2

G) and 
4

T2g(
4

F) 

leads to the adiabatic excited state potential energy 

curves V+ and V- which are  responsible of the spin-

allowed  
4

A2g(
4

F) → 
4

T2g(
4

F) and the spin-forbidden 
4

A2g(
4

F) → 
2

Eg(
2

G) transitions and permit us to explain the 

interference dip.  

 

4.2. Fano’s antiresonance study of 
4

T2g(
4

F), 
2

Eg(
2

G) and 

2

T1g (
2

G) states 

The study of the interference dips can be 

made according to the Fano’s antiresonance theory 

presented by Sturge et al. and Lempicki et al. [12,28]. 

The Fano's profile function R(ω) is obtained 

from the ration of the experimental absorption 

spectrum to the background spectrum, the latter 

calculated by fitting the wings of the spectrum by a 

single Gaussian function. Figure 1 shows the results of 

the Gaussian fit. The R(ω) curve and its fit from Eq. 1 

is represented in Figure 3. The fitted parameters   
 , 

qi, γi and ωri (i=1 for 
2

Eg(
2

G) state and i=2 for 
2

T1g (
2

G) 

state)  listed in Table 1. It can be observed that the 

Fano’s antiresonances parameters obtained in this 

study are compatible with the result obtained by 

Illarramendi et al. for homologous fluoride glasses 

[29]. 

 

Figure 2.  Potential energy curves for the 4T2g(4F) and  2Eg(2G) excited 

states. The diabatic and adiabatic potentials for these electronic 

states are shown by dashed and solid lines respectively. 
 

Figure 3.  Experimental Fanoʼ s antiresonances profile (plotted line) 

and fits to Eq.1 (solid line) for Cr3+ doped BIGaZYTZr fluoride 

glass. 
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Table 1. Parameters of 2Eg(2G) and 2T1g(2G) antiresonances for Cr3+: BIGaZYTZr and comparison with homologous glasses.  

 

 
Parameter 

Cr
3+

: 

BIGaZYTZr 

Cr
3+

: BIGaZYT 

[31] 

Cr
3+

: BIZYT 

[31] 

2
Eg 

  
  0.17 0.28 0.23 

   -0.39 -0.219 -0.148 

  (cm
-1

) 376 336 292 

   (cm
-1

) 15 036 15 245 15 227 

2
T1g 

  
  0.20 - - 

   0.52 - - 

  (cm
-1

) 450 - - 

   (cm
-1

) 16 406 - - 

 

Table 2.   Crystal field, Racah, trees and spin-orbit coupling parameters values for Cr3+doped BiGaZYTZr fluoride glass.  

 

Material Dq 

(cm
-1

) 

B 

(cm
-1

) 

C 

(cm
-1

) 

  
    

(cm
-1

) α 
ζ 

(cm
-1

) 

Cr
3+

: BIGaZYTZr
a
 1540 787 3 045 32 340 70 248 

 

 

The value obtained for ρ
2

 parameter can be related to 

the larger disorder in glasses [28] which produces a 

more complete mixing of the spin-orbit components 

of the 
4

T2g(
4

F) with components of 
2

Eg (
2

G)  and 
2

T1g (
2

G). 

The q parameter, ranging from -∞ to +∞, characterizes 

the line shape. The small value obtained for q 

indicates that the antiresonance is produced by a sharp 

forbidden transition overlapping with a broad allowed 

band. The value of γ indicates an inhomogenous 

broadening of the transition due to the presence of 

several environments in the glass. The last fitted 

parameter, ωr, quantifies the position of the 

antiresonance in absorption and permits an estimation 

of the shift of the sharp levels due to coupling with the 

quasi-continuum. If we compare the values of ρ
2

, it can 

be seen that the BIGaZYTZr fluoride glass has the 

smallest value and consequently should be the most 

ordered glass. The values of the antiresonance 

linewidths γ are influenced by the inhomogeneous 

broadening due to the presence of several 

environments in the glasses. The last fitted parameters, 

ωr1 and ωr2, quantify the position of the antiresonances 

in absorption. 

From the energy position of 
4

T2g(
4

F), 
2

E(
2

G), 
2

T1g(
2

G) 

and 
4

T1g(
4

F) levels obtained by the Fano’s 

antiresonance study we can performed the crystal field 

analysis on Cr
3+

 doped in BiGaZYTZr. 

 

4.3. Crystal field study of the absorption 

spectrum of Cr
3+

: BiGaZYTZr 

The theoretical energies chromium Cr
3+

: 

BIGaZYTZr are obtained by diagonalizing the full 

120x120 matrix associated to the Hamiltonian of Eq. 1 

in the free ion eigenstates            within the 

quartet terms (
4

F ground state and 
4

P excited state) and 

doublet excited terms (
2

H, 
2

G, 
2

F, Da

2
, Db

2
and 

2

P). 

These energies are function of the B, C, α,   
    and ζ 

parameters. From the absorption spectrum of Figure 

1, we determine the 10Dq crystal field strength, it 

represents the difference between the excited state 
4

T2g(
4

F) and the ground state 
4

A2g(
4

F). The crystal field 
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parameter   
    is then deduced from the value of 

10Dq [13,30]. The Racah parameters B is obtained 

from the observed quartet state
 4

T1g(
4

F).  

The spin-orbit coupling term ζ is calculated 

from the Racah parameters B and C by Eq. 5. The 

Racah parameter C, the Trees correction α and 

parameters are adjusted using the Newton Raphson 

method to minimize the difference between the 

calculated and the observed 
2

Eg(
2

G) energy levels. The 

spin orbit parameter ζ is introduced in our computer 

package in order to obtain the splitting of the Stark 

levels of the Oh site symmetry. The set of calculated 

parameters B, C,   
   , Dq, α and ζ listed in Table 2 

permit as to deduce the calculated energy levels 

reported in Table3. The calculated and the 

experimental energies are in good agreements.  

 

The electrostatic crystal field theory deals 

only with the d orbitals. The molecular orbitals are in 

reality influenced by the interaction between the 

ligand’s s and p orbitals and the d orbitals of the 

central ion. The admixture of these orbitals leads to 

the s, σ and π bondings between the Cr
3+

 impurity ion 

and F
-

 ligands. Thus, the 10Dq parameter obtained 

from absorption spectra of Figure 1 contains the two 

contributions : the crystal field measure and also 

comprises the admixture of the antibonding eg  and t2g  

orbitals with s and p ligand orbitals. The 10Dq 

parameter strongly depends upon the metal-ligand 

distance. The Racah parameters B and C are reduced 

compared to the free ion due to covalency effects.  

 

The Tanabe-Sugano diagrams for Cr
3+

 ion in 

octahedral symmetry site of Figure 4  is drawn with the 

Racah parameters B and C of Table 1 (C/B=3.88). It 

indicates the general behavior of Cr
3+

 ion energy levels 

as a function of the local field strength measured in 

terms of Dq/B. The vertical line represents the 

appropriate value for Dq/B found for Cr
3+ 

in 

BiGaZYT. From this diagram, we remark also that the 
4

T2g(
4

F) quartet state and the (
2

Eg (
2

G),
2

T1g (
2

G)) doublet 

states are near for the calculated parameters Dq, B 

and C. This shows a strong coupling between the 

electronic states of different multiplicities. All these 

excited states are subdivided into E1, E2 and G states by 

spin-orbit coupling (Figure 5).  

The interaction between the same symmetry 

levels (E1, E2 or G) deriving from electronic states of 

different multiplicities leads to the observed spin-

forbidden transitions from the 
4

A2g(
4

F) ground state to 

the 
2

Eg(
2

G) and the 
2

T1g(
2

G) excited states (Oh symmetry) 

with lower intensity compared to a spin-allowed 

transition (Figure 5). 

 

Figure 4.  Tanabe-Sugano diagram for octahedrally coordinated 

Cr3+ ion with C/B=3.88. The vertical line represents the case of 

Cr3+ in BIGaZYTZr fluoride glass. 

Figure 5.  Electronic states of  4T2g (4F),  2Eg (2G)  and 
2T1g (2G) of Cr3+ in 

BIGaZYTZr fluoride glass. Solid arrows denote spin-allowed 

transition. Dotted arrows connect pairs of interacting levels under 

spin-orbit coupling. 
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Table 3.  Experimental and calculated energies (cm
-1
) of Cr

3+
 

occupying a Oh symmetry in BiGaZYTZr fluoride glass (the " - " 

signifies that the states are not visible). 

 Cr
3+

: BiGaZYTZr 
mul* 

Oh Eobs 
Ecal* 

[this work] 

Ea
cal* 

[this work] 
4
A2g(

4
F) 0 0 0 4 

2
Eg(

2
G) 15 036 15 268 15 036 4 

4
T2g(

4
F)

 15 391 15 400 15 303 2 

15 365 4 

15 422 2 

15 653 4 
2
T1g(

2
G) 16 406 16 029 16 030 4 

16 122 2 
2
T2g(

2
G) - 22 193 22 048 2 

22 050 4 
4
T1g(

4
F) 22 423 22 422 22 454 4 

22 514 2 

22 530 4 

22 637 2 
2
A1g(

2
G) - 28 243 28 262 2 

2
T1g(

2
P) - 30 887 30 853 2 

30 908 4 
2
T1g(

2
H) - 31 239 31 112 2 

31 292 4 
2
Eg(

2
H) - 32 777 32 776 4 

4
T1g(

4
P) - 34 883 34 882 4 

34 887 2 

34 908 4 

34 913 2 
2
T1g(

2
H) - 36 151 36 130 2 

36 240 4 
2
T2g(

2
H) - 41 529 41 527 2 

41 548 4 
2
A2g(

2
F) - 43 423 43 435 2 

2
T2g( Da

2
) - 46 661 46 610 2 

46 718 4 
2
T2g(

2
F) - 47 945 47 845 2 

48 024 4 

2
Eg( Da

2
) - 51 132 51 147 4 

2
T1g(

2
F) - 53 659 53 596 2 

53 711 4 

2
Eg( Db

2
) - 69 234 69 239 4 

2
T2g( Db

2
) - 69 280 69 262 4 

69 416 2 

 
* mul: multiplicity 

*Ecal: means the energies without spin orbit coupling. 

*E
 a

cal: means the energies taking into account the spin-

orbit coupling. 

By comparing the crystal field strength Dq of 

Cr
3+

: BiGaZYTZr with those of homologous fluoride 

glasses of literature, we notice the decrease of the 

10Dq parameter in the sense Dq(BIZYT) = 1550cm
-1 

[31] > Dq(BIGaZYT) =1548 cm
-1 

[31] > 

Dq(BIGaZYTZr) = 1540 cm
-1

. The intensity of the 

crystal field Dq depends on the distortion of the 

polyhedron formed glass structural network. As the 

distortion is important then the distance between Cr
3+

-

F
-

 becomes large. Consequently, the crystal-field 

strength decreases. It is obvious that the value for Dq 

in glasses is determined primarily by the network 

structure glasses. In another way, the 10Dq parameter 

decreases as the number of fluoride ions increases. 

This suggests that this decrease results in larger Cr
3+

-F
-

 

distances. 

For transition metal, the spin orbit constant  

is related to the effective g factor obtained from 

Electron Paramagnetic Resonance (EPR) by the 

expression [32] : 

8
eff eg g


 


                        (10) 

Where : ge= 2.0023 is the free electron factor,  is the 

gap between the excited and the ground levels ( = 

E(
4

T2) – E(
4

A2) = 10Dq).  

The S-O coupling constant  λ is connected to the one-

electron S-O coupling constant  by the following 

relation [33] 

2S


                             (11) 

The sign + is valid for a layer less than half full and the 

sign - to a more than half-complete layer. For 3d
3

 

electronic configuration (S=3/2), so we have  = 3.  

From the theoretical values obtained by crystal Field 

analysis ( = 15400 cm
-1

and  =  /3=83cm
-1

), we find 

geff = 1.95918  

 

5.Conclusion  

 

The features observed on the 
4

T2g(
4

F) absorption band 

of Cr
3+

 in BIGaZYTZr  glass are due to the interaction 

between the 
2

Eg(
2

G) and 
2

T1g(
2

G) sharp levels and the 

vibrationally 
4

T2g(
4

F) quasicontinuum. The model of the 

adiabatic potential energy surfaces explain the origin of 

interaction between different spin multiplicities states 

via spin orbit coupling. These features leading to the 

interference dips have been analyzed by the Fano’s 

antiresonance model exposed by Sturge et al and 

Lempicki et al. The fitted parameters involved in this 

model give information about the fraction of the quasi-

continuum which takes part in the interference 
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process and the line shape profile of the 

antiresonance. From these parameters and by 

comparison with other fluoride glasses: BIZYT and 

BIGaZYT, we deduce that the most order glass is the 

BIGaZYTZr fluoride glass. The electronic structure of 

Cr
3+

 occupying Oh site symmetry in the BIGaZYTZr 

glasses has been analyzed using the crystal field theory. 

The estimated parameters B, C, Dq, α and ζ lead to a 

good agreement between the calculated and observed 

levels. 
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Abstract 

Copolyesters containing aliphatic units in the main chain were obtained by reacting Bis(2-hydroxy ethyl terephthalate) 

(BHET) with Lactide at a high temperature in bulk in presence of tin (II)octoate as the catalyst. Various copolyesters were 

synthesized by using BHET/Lactide mass ratio ranging from 70/30 to 40/60. Thermal properties were studied by DSC 

and TGA, and structural characterization was carried out by 
1

H NMR spectroscopy. These techniques confirm the 

insertion of lactide units in PET chains. All copolyesters exhibit some block copolymer character.  

Keywords: Copolymerization, Melt polycondensation, Bis(2-hydroxy ethyl terephthalate), Lactide,  Random 
microstructure. 

1. Introduction 

Poly(ethylene terephthalate) (PET) is a thermoplastic 

polymer, which is used as fibres, sheets and soft drink 

bottles. (1) 

PET is strong and durable, chemically and thermally 

stable, has low gas permeability and is easily processed 

and handled. (2, 3) This combination of properties 

makes PET a desirable material for a wide range of 

applications and a significant component of worldwide 

plastic consumption.  

As a result of the diversity of this applications in a high 

volume of consumer products, large amount of PET 

waste is also generated, which includes polymer 

manufacturing waste as well as the products after the 

end of their useful life. With the increasing pressure of 

keeping the environment clean, recycling the PET 

waste in an ecofriendly manner is the only solution. 

Post-consumer PET can be recycled into new items or 

into monomers or oligomers which are generally 

hydroxy-terminated and can be used for the synthesis 

of derived polyesters of PETsuch as PET – 

poly(lactide), PET –poly(glycolide), or PET – poly(ε-

caprolactone).(3) 

Chemical recycling of PET by glycolysis has been 

thefocus of many research studies.(4–7) 

In the recent years, the synthesis of biodegradable 

copolyesters of PET has received a growing interest.  

A number of aliphatic-aromatic copolyesters have thus 

been produced e.g. poly(butylene 

succinate)/poly(butylene terephthalate) (8–11), 

poly[(butylene adipate)-co-(butylene 

succinate)]/poly(butylene terephthalate) (12), 

poly(butylene  succinate)/poly(ethylene terephthalate) 

(13), poly(ethylene terephthalate)/poly(ethylene 

succinate) (14), poly(ethylene adipate)/poly(ethylene 

terephthalate) (15), poly(ethylene 

terephthalate)/poly(ε-caprolactone)(4,16-18), 

poly(ethylene terephthalate)/polylactide (19-21) and 

poly(ethylene terephthalate)/Polyglycolide . (22)  

Some methods have been reported for the synthesis of 

PET-PLA copolymers such as (i) the melt trans-

esterification reaction between bis-hydroxyethyl 

terephthalateand PLAoligomers (19) and (ii) the 

reaction between DMT,EG and lactic acid (20) or bis-

hydroxyethyl terephthalate with lactic acid. (21) 

The reaction of commercial BHET with Lactide has 

been much less investigated.However, this reaction 

presents two major advantages: (i) no release of by-

products, (ii)   obtaining of copolyesters with high 

molecular weight.(23)  
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In this paper, we describe the synthesis of novel 

biodegradable copolyester PET– PLA prepared by 

melt polycondensation from bis-2-hydroxyethyl 

terephthalate (BHET) and Lactide. Their structure, 

microstructure and degradation were investigated.  

2. Experimental Part 

a. Materials 

Lactide (99%) was obtained from Sigma aldrish, 

Stannous Octoate((Oct)2Sn), Ethane-1,2-diol (EG-

99,8%) and cobalt(II) acetate tetrahydrate(+98%) were 

purchased from Sigma–Aldrich (Germany) and used 

without further purification. 

 

b. Synthesis 

Synthesis of bis(2-hydroxyethyl terephthalate) 

(BHET) by glycolysis of poly(ethylene 

terephthalate).(4) 

Bottles of mineral water were washed, cut into 

slices and finely ground. In a reactor equipped with a 

magnetic stirring, 80 g of PET flakes (0.42 mol of 

ethylene terephthalate units), 160 g (2.57mol) of EG 

and 0.249 g (0.001 mol) of cobalt acetate 

tetrahydrateas catalyst were charged at T = 190 ° C. 

After 3 hours of reaction, 400 ml of boiling water was 

added to the reactor and the mixturewasstirred 

vigorously.  

The obtained product was filtered to separate the 

oligomers from PET of high mass. 

The filtrate was placed at 4°C for 48 h. The white 

crystalline flakes of BHET were filtered and dried. A 

yield of 90% BHET with high purity was attained. 

 

Synthesis of BHET-Lactidecopolyesters by ring-

opening polymerization. 

BHET (0.0118mol,3.00g), Lactide (0.0208 

mol,3.00g)and 0,1 % (mass) Stannous 

Octoate((Oct)2Sn)were placed in a 50-mL glass reactor 

equipped with a mechanical stirrer and a nitrogen 

inlet. The reactor was heated gradually from 160 to 

180°C under nitrogen (3 h). After cooling to 

160°C,vacuum (0.01mbar) was applied and 

temperature was raised again gradually to 180°C for 1 

h. The reaction was continued for 4 h to carry out the 

reaction of polytransesterification. All copolymers 

were characterized without any purification. 

c. Measurements 

1

H NMR spectra were recorded on a Bruker DRX 

400 spectrometer.BHET/Lactidecopolyesterswere 

dissolved in CDCl3 solvent. Chemical shifts were 

referenced to residual CHCl3 at 7.26 ppm.The infrared 

spectrum ... 

Molecular weight (Mn) and molar mass dispersity (ĐM) 

of all copolyesters were determined using size 

exclusion chromatography (SEC) analyses performed 

on a Shimadzu LC-20AD liquid chromatography 

equipped with two Varian PL gel 5 µm MIXED-C 

columns (column, injection and refractometer 

temperature: 30°C; injection volume: 100 µL) and a 

refractive index detector (Shimadzu RID-10A). THF 

was used as the eluent at a flow rate of 1.0 mL/min. 

The molecular characteristics were determined 

relative to linear polystyrene calibration standards. All 

polymers were dissolved in THF (10 mg mL
-1

).  

Differential Scanning Calorimetry (DSC) was carried 

out on a DSC Q2000-Modulated TA Instruments 

apparatus equipped with a liquid nitrogen cooling 

accessory, at cooling and heating rates of 20 °C. min
-1

. 

Non hermetic aluminum capsules containing about 10 

mg of polymer were subjected to two successive 

temperature ramps under nitrogen from -80°C to 

360°C. Melting temperatures (Tm) were taken at the 

minima of the melting endotherms and glass transition 

temperatures (Tg) at the inflection point. 

Thermogravimetric Analysis (TGA) was carried out 

on a TA Instruments Q500 thermogravimetric 

analyzer system at a heating rate of 10°C.min
-1 

under a 

nitrogen atmosphere. 

The inherent viscosity [Ƞinh] of the copolyesters 

samples in chloroform was measured at 25 °C in a 

constant-temperature bath using a UBBELOHDE 

viscometer. From the time flow of solvent and 

solution, the inherent viscosity [Ƞinh] was calculated. 

 

3. Results and discussion  

The reaction between BHET and Lactide was carried 

out at 160°C and 220°C for 8h in the bulk, in the 

presence of Stannous Octoate((Oct)2Sn) as a catalyst 

(0,1% mass) (scheme1). A possible reaction 

mechanism could involvethe homopolymerization of 

lactide and the formation of copolymer by PET- 

polylactide ester interechange. 
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Scheme1. synthesis of BHET-Lactidecopolyesters. 

The infrared spectrum of BHET/Lactide copolymer 

is shownin Fig.1.It can be clearly seen that the spectra 

contains aliphatic CH at 2961cm
-1

,aromatic CH at 

1452 and 1409 cm
-1

, C-O simple bond and ester 

carbonyl at 1244 cm
-1 

and at 1714 cm
-1

respectively. 

Depending on composition and reaction time, these 

copolyesters may be random or may exhibit some 

block copolymer character. The structure and 

themicrostructure of these copolyesters were, 

therefore,investigated by 
1

H NMR spectroscopy. 

  

Figure1. FTIR spectrum of BHET/lactide copolyster (50/50). 

 
1

H NMR study of BHET-Lactidecopolyesters 

In addition to PET signals, the 
1

H NMR spectra of 

copolyesters obtained using various initial 

(BHET/Lactide) ration displayed a series of peaks in 

the 4,2-4,8ppm region, which can beassigned to the 

species depicted in table 1. As an example, the 
1

H 

RMN spectrum of the 50/50 PET/PLA copolyester 

was given in Fig.2. 

 

Figure 2. 1H NMR spectrum of copolyester BHET-Lactide 

(50/50)(in CDCl3).  

 

TET (H
4

, 4.67 ppm); TEL+LET (H
7,8

,4.54 ppm) and 

LEL(H
23

,4.38 ppm) triads are easily identified in the 

spectrum (T=Terephtalate, L= Lactide, E= 1,2-

ethylene).(Table 1) 

The existence of TEL triads, is evidence of Lactide 

insertion in PET chains. 

The number-fractions FE (TET), FE (TEL+LET) and 

FE (LEL) of TET, TEL and LEL E-centered triads in 

PET-PELcopolyesters were determined by integrating 

the corresponding NMR peaks. FE(TET), 

FE(TEL+LET) are proportional to I4/4 and (I7+I8)/4 

respectively, where in is the integration of the Hn 

resonance 

The actual terephthalate (T)/lactate (L) mol ratio was 

easily determined from the total integrations of 

aromatic protons (H
1

 at 8.1 ppm) and lactate methyl 

resonances (H
15,17,20

at 1.3–1.8 ppm). Due tosublimation 

of lactide, the T/L mol ratio final in copolyesters is 

significantly lower than the starting one, (T/L)0(Table 

2). 

The new signal at 1.63 ppm (H
15

) corresponds to T–L 

diads. The signal at 5.32 (H
16

) and 5.19 ppm 

(H
18

)correspond to L–T and L–L diads, respectively.  

The peak at 4.67 ppm is assigned to T–E–T triads 

(H
4

). A number of signals are superimposed at ca. 4.54 

ppm: H
7,8

of T–E–L triads and methylenes in β-

position to OH endgroups (H
5

) and to ether oxygens 

(H
9,11

). In the same way, the signal of L–E–L triads at 

4.38 ppm (H
23

) overlaps with a series of peaks 

corresponding to groups linked to lactate units (H
14,24,26

) 

and to –CH(CH3)–OH end-groups (H
21

). 

(T=terephtalate, L= Lactide, E= 1,2 ethylene). 
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Table 1. Atom numbering in BHET -Lactide copolyesters. 

 

PET units                                         Lactate units 

C

O

C

O

O CH2 CH2 O CH2

5 6

C

O

C

O

O CH2 CH2 O C
8
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CH2 O C

O
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O

CH O
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O
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O

O CH2 CH2 O
2

1
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O

C

O

C

O

O CH2 CH2 OH

3 4

CH3
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O
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O
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O

O CH2 CH2 O CH2 CH2 O C

O

CH O

CH3

14
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O
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O

O CH
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O
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CH2 CH2 OHO CH

CH3
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O

2524

O

CH

CH3

C

O
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18
O CH

CH3

C

O

O CH

CH3

C

O

O
19

OHCH

CH3

21
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C

O

22

O CH

CH3

C

O

O C

O

CH

CH3

OO CH2 CH2

23

O CH

CH3

C

O

O O C

O

CH

CH3

OCH2 CH2

27

CH2 CH2 O
26

 

 

Table 2. Chain microstructure in BHET/Lactide copolymers: Number-fractions of TET, TEL ,LEL triads, FE (TET), FE (TEL+LET) and FE 

(LEL), 

Samples FE(TET)
b) 

 FE(TEL)
b)

 FE(LEL)
b)

 FT0/FL0

(c)

 

 

FT/FL

(d)

 

 

BHET/Lactide(70/30)
a)

 0.571 0.369 0.058 56.89/43.10 

 

62.5/37.5 

BHET/Lactide(60/40)
a)

 0.577 0.378 0.043 45.92/54.07 

 

55.5/44.4 

BHET/Lactide(50/50)
a)

 0.591 0.343 0.066 36.19/63.80 

 

62.0/37.9 

BHET/Lactide(40/60)
a)

 0.539 0.380 0.079 26.47/73.52 

 

56.4/43.5 

a) (m1/m2) represents the initial BHET/Lactide mass ratio. 

b) fraction of TET, TEL and LEL in final copolymers 

c) Initial mole fraction of T and Lactide units in initial reaction mixture.  

d) Mole fraction of T and Lactide units in final copolymer.  

 

Moreover, hydroxy end group and 

oxydiethylenemoieties linked to different neigh boring 

entities can also be identified.  

The "degree of randomness", R, introduced by 

yamadera (24) as a parameter for characterizing the 

extent of randomization in condensation copolymers, 

was used to characterize the extent of randomization 

in these copolymers. 

 

 

   
      

   

 
      

   

         

FT and FL represent the molar fraction of terephtalate 

and lactide units in copolymer and are determined 

from NMR spectra.  

PTL and PLT are the probabilityof finding an ET 

repeating unit next to a Lactide repeating unit, and a 

Lactide repeating unit next to an ET repeating unit 

when going from one chain end to the other, 

respectively. 
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Table 3. Chain microstructure of BHET-Lactide copolyesters: 

number-average block length of T and L units in ethylene 

terephthalate and Lactide blocks, Ln,ETand Ln,L,degreeof 

randomness, R,. 

Sample Ln,T Ln,L R 

BHET/Lactide(70/30)
a)

 3.38 2.03 0.787 

BHET/Lactide(60/40)
a)

 2.94 2.35 0.765 

BHET/Lactide(50/50)
a)

 3.62 2.21 0.728 

BHET/Lactide(40/60)
a)

 2.97 2.29 0.772 

a) (m1/m2) represents the initial BHET/lactide mass ratio. 

 

The degree of randomness R is equal to 0 for blends, 

to 1 for random copolymers and varies between 0 and 

1 for block copolymers. 1<R<2 for copolymers having 

a tendency to form alternating structure. 

The R values and the number-average block lengths 

calculated from NMR spectra are reported in Table 3. 

All copolyesters exhibit some block copolymer 

character (R<1) due to the sublimation of the lactide. 

Therefore final Lactide fraction in the copolymer is 

lowerthan of terephtalate fraction. 

 

SEC study of BHET–Lactide  copolyesters 

The SEC analysis was therefore carried out on BHET-

lactide60/40 to 40/60, which exhibits good solubility in 

THF. The values of the average molar masses 

determined by SEC and by using polystyrene 

calibration are reported in Table 4. 

The number-average molar masses of this copolyesters 

were Mn= 13.900 to 17.000 g/mol 

Mn valuesare more interesting than these obtained by 

E.Olewnik(Mn=6100 for 50/50 copyester),(19)the 

synthesis of aliphatic-aromatic copolyesters from a 

cyclic ester allows the obtaining of high molar mass 

copolyesters. 

ĐMis significantly higher to 2 because of the presence 

of side reaction such as etherification and formation of 

cyclic species which areinevitable in polycondensation 

reactions. 

The Mnof these copolyesters could not be determined 

from NMR spectra due to (i) the very low amount of 

end groups and (ii) the partial overlapping of the 

resonances of end groups (H
6,26

) and ether groups (H
12

) 

arising from etherificationside reactions during the 

second reaction step. 

 

 

Table4. Inherent viscosity and molecular weight data ofBHET/Lactidecopolyesters. 

 

Samples [Ƞinh](dl/g)
b)

 Mn(g/mol)
c)
 Mw(g/mol)

c)
 ĐM

c)
 

BHET/Lactide (40-60)
a)

 0.227 13.900 39.100 2.8 

BHET/Lactide (50-50)
a)

 0.262 17.000 54.200 3.1 

BHET/Lactide (60-40)
a)

 0.210 14.500 38.500 2.6 

BHET/Lactide (70-30)
a)

 0.187 *
d)

 *
d)

 *
d)

 

a) (m1/m2) represents the initial BHET/Lactide mass ratio. 

b) 1.5g/l of polymer in CHCl3 at 25°C. 

c) Determined by SEC using polystyrene calibration standards. 

d) Insoluble in THF.  

 

Thermal properties 

BHET/Lactide(70/30)semi-crystalline copolyesteris 

and exhibit one glass transition temperature (Tg) and 

one melting temperature (Tm) which are lower than 

those of PET (Tg= 83°C, Tm= 255°C) (4)but higher 

than those of PLA homopolymers (Tg= 52°C, Tm= 

156°C) (19),which reflects the insertionof lactate units 

in the copolyesters chains.(Figure 3). 

BHET/Lactide60/40 to 40/60copolyesters are 

amorphous, which can easily be understood in viewof 

their very short sequence length (Table 5). 
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Fig.4. DSC curves of PET-PLA copolymers 

 

Fig.5. TGA curves of PET-PLA copolymers 

Figure 3. DSC curves of PET-PLA copolymers 

 

 

Table 5.Thermal analysis data of copolyesters. 

 

Samples Tg°C
a)

 Tm°C
a)

 Td,5%°C
b) 

PET
(4)

 

BHET/Lactide (70/30) 

BHET/Lactide (60/40) 

BHET/Lactide (50/50) 

BHET/Lactide (40/60) 

PLA
(19) 

83.0 

66.78 

66.29 

62.52 

58.73 

52 

255.0 

194.43 

* 

* 

* 

156 

360 

341 

325 

293 

310 

221 

 

The TGA analysis showed a good thermal stability for 

all copolyesters. (Fig.4). 

The temperature of degradation of copolyestersis 

slightly above that of PLA,but much lower than that of 

PET homopolymer. 

 
Figure 4. TGA curves of PET-PLA copolymers 

Conclusion  

This work showed that the insertion of lactate units 

into PET chains by a reaction between bis (2-hydroxy 

ethyl terephtalate) and Lactide in both easy and 

efficient, leading to high molar mass copolyesters.  

As expected, 
1

H NMR spectra also reflect the insertion 

of lactate units in PET polymer chains and allows the 

study of chain microstructure. 

The degree of randomness of copolyesters is 

significantly lower than unity, indicating that they 

present some block copolymer character.  This 

appears rather surprising in view of the high reaction 

temperature. 

Copolyesters thermal properties were studied by DSC 

and TGA. The thermogravimetricanalysis reveals 

fairly good thermal stabilities for all PET/PLA 

copolyesters. 

The glass transition and melting temperatures of all 

copolyesters are lower than those of PET but higher 

than those of high molar mass PLA and arerelatively 

higher than those of PET/ PLA copolyesters 

synthesized from a mixture of homopolymer (19).  
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Abstract 

Novel biomaterials L-alanine based poly(ester-amide)s (PEAs) differing in the amide/ester ratio have been directly 

synthesized by direct melt  copolycondensation of Adipic acid, L-alanine and various aliphatic and heterocyclic diols. 

PEAs were systematically characterized with intrinsic viscosity, FTIR, 
1

H-NMR, 
13

C-NMR, DSC and SEC measurements. 

The resulting copolymers are amorphous and present increasing glass transition temperatures at increasing L-Alanine 

contents. L-Alanine-PEAs proved to be materials having high molecular weights that could reach 41800 g/mol.  

Keywords: Adipic acid/ L-alanine/ melt polycondensation/ microstructure/ NMR/ Poly(ester-amide). 

1. Introduction 

In the past few decades, poly(ester-amide)s (PEAs) 

based on natural amino acids have attracted much 

attention in terms of their special and distinctive 

characteristics, they combine the interesting properties 

of conventional PEAs with those resulting from the 

presence of the amino acids (1). These polymers 

possess good thermal stability and good mechanical 

and processing properties like tensile strength and 

modulus, due to the strong hydrogen-bonding 

interactions established between amid groups. The use 

of amino acids in PEAs synthesis can be also justified 

by many reasons; in addition to their abundant 

availability from natural resources, they confers to 

their derivatives potential susceptibility to 

biodegradation under certain enzymatic catalyzed 

conditions, in the opposite of their counterparts based 

on other types of monomers like diamines (2). 

In this context, biocompatibles amino acids based 

PEAs find a wide range of medical applications (3), 

like drug delivery systems; indeed microsphers or 

electrospun nanofibers based on PEAs could perform 

good controlled drug release (4,5). In tissue 

engineering, it has been proved that amino acid based 

PEAs could be used as cardiovascular biomaterials, 

they were able to support the attachment, spreading 

and proliferation of smooth muscle cells of the human 

coronary artery, which make them good candidates for 

vascular tissue engineering scaffolds (6-8). Drug 

charged hydrogels can be also elaborated by 

photopolymerization of amino acids based PEA and 

the appropriate drug (9,10).  

Different synthesis methodologies of PEAs from 

amino acids were reported in literature. Ring opening 

polymerization of morpholine-2,5-dione derivatives 

which are cyclic dimers resulting from α-hydroxyacids 

and α-aminoacids, is a very old technique. It can be 

elaborated in the presence of metallic or enzymatic 

catalysis (11-14). The ring opening polymerization of 

ε-caprolactone with different amino acids was reported 

recently and leads to PEAs with high molecular 

weights and high Young’s modulus and tensile strength 

(15-18).  

These polymers can be also obtained by solution 

polycondensation of an amino acid with a diol and a 

dicarboxylic acid, this method followed by Chu et coll 

(19-26) is advantageous because it is carried out in 

mild operating conditions and accomplished in high 

yields and molecular weights, but in return, it requires 

very high monomers purity and extensive polymer 

purification to eliminate solvent and toxic by-products 
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generated. Puiggali et coll synthesized regular PEAs by 

interfacial or thermal polycondensation. Interfacial 

polycondensation consist on the preparation of di-p-

toluenesulfonic acid salts by Fischer esterification 

between amino acids like L-alanine (27-31), Glycine 

(30-33), β-alanine (34) or L-phenylalanine (35), and 

diols, in the presence of p-TSA, and its reaction with 

diacyl chlorides. The thermal polycondensation 

involves the reaction of a diol with a diester-terminated 

diamide, previously obtained from the condensation 

of a diacyl chloride with an amino acid methyl ester 

(36-40).  

Melt direct polymerization is a very advantageous 

method for industrial use because it is carried on in 

one step, it avoids the prior preparation of the 

intermediates mentioned previously for other synthesis 

routes, and because no post-treatment of resulting 

polymers is necessary. Our group performed the melt 

polycondensation of β-alanine and gycolic acid (41); 

random amorphous PEAs were obtained with high 

thermal stability and high glass transition temperatures. 

We reported in a previous work the synthesis of β-

alanine based PEAs, amorphous PEAs were obtained 

(42). In order to improve the glass transition 

temperatures and the solubility of resulting polymers, 

we study the substitution of β-alanine by L-alanine. In 

fact, L-alanine based polymers have particular 

properties; methyl side groups increases glass 

transition temperatures, they also improves the 

solubility in organic solvents such as chloroform, in 

this way it is possible to obtain microspheres that can 

be used as drug delivery systems (31). Moreover, 

polymers based on L-alanine show better enzymatic 

degradation than their counterparts based on other 

types of monomers like glycine (30). 

To the best of our knowledge, L-alanine was never 

used in direct melt polycondensation, we proposed in 

the present paper to synthesize novel PEAs by direct 

melt polycondensation between L-alanine, adipic acid 

and different aliphatic or heterocyclic diols and to 

study the effect of amide percentage on microstructure 

and thermal properties of resulting copolymers.  

2. Experimental Part 

2.1 Materials  

L-Alanine (L) (purchased from Aldrich), Adipic 

acid (A) (purchased from Acros Organics), Ethylene 

glycol (E); 1,3-Propanediol (P); 1,4-Butanediol (D); 

1,6-Hexanediol (H); Isosorbide (I) (purchased from 

Aldrich),Tetrabutoxytitanium (Ti(BuO)4) (purchased 

from Aldrich) were high purity compounds used as 

received without further purification.  

 

2.2 Synthesis of PALD copolymers: PALE, 

PALP, PALB, PALH and PALI 

A series of poly(ester-amide)s were synthesized 

according to scheme 1 and table 1. A reactor 

equipped with a magnetic stirrer was charged with L-

Alanine (L) (1 mol), Adipic acid (A) (1 mol), and an 

excess of a diol (3 mol) (Ethylene glycol (E); 1,3-

Propanediol (P); 1,4-Butanediol (B); 1,6-Hexanediol 

(H) or Isosorbide (I)). Tetrabutoxytitanium (0.3 wt %) 

was added as a catalyst for the condensation reaction. 

The reactor was heated in an oil bath at 210 °C in 

order to melt the mixture under nitrogen atmosphere 

and to help eliminate water and the excess of diol. 

After one hour, the temperature was raised to 220 °C 

for 4h. After cooling the reactor to room temperature, 

vacuum was applied (0.01 mmHg) while the 

temperature was raised progressively to 190°C for 2h, 

and then to 220 °C for 6h. The resulting polymers 

were analyzed without further purification. 

2.3 Synthesis of PALB-x/y copolymers 

The Poly(ester-amide)s are denoted PALB-x/y, 

where x/y represents the Amide/ester ratio and varied 

from 50/50 to 10/90 (table 1). A typical PALB-50/50 

copolymer was prepared as follows: A mixture of 

Adipic acid (1mol), L-alanine (2 mol) and 1,4-

Butanediol (2 mol) was heated at 210 °C for 2 h under 

nitrogen atmosphere in a reactor fitted with a magnetic 

stirrer. Tetrabutoxytitanium (0.3 % mol) was carefully 

added. The reactor was then heated to 220 °C and 

kept at this temperature under vacuum (0.01 mmHg) 

for 4 h. The resulting product was analyzed without 

further purification. L-alanine has a very high melting 

temperature (295°C), we could not exceed 50% of 

initial amide percentage because of the difficulty of the 

solubility of amino acid (L-Ala) in reaction medium. 

2.4 Characterization 

Infrared absorption spectra were recorded with a 

Perkin-Elmer spectrum 100 spectrometer in the 4000-

700 cm
-1

 range. NMR spectra of polymers were 

registered from deuterated chloroform. Chemical 

shifts were referenced to the peak of residual CHCl3 at 

7.26 ppm. A Bruker AC-300 spectrometer operating 

at 300 MHz and a Bruker AC 400spectrometer 

operating at 400 MHz were used for 
1

H and 
13

C-NMR 

investigations respectively.  
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Molecular weight (Mn and Mw) and molar mass 

dispersity (ĐM) of all copolyemers were determined 

using size exclusion chromatography (SEC) analyses 

performed on a Shimadzu LC-20AD liquid 

chromatography equipped with two Varian PL gel 5 

µm MIXED-C columns (column, injection and 

refractometer temperature: 30°C; injection volume: 

100 µL) and a refractive index detector (Shimadzu 

RID-10A). THF was used as the eluent at a flow rate 

of 1.0 mL/min. The molecular characteristics were 

determined relative to linear polystyrene calibration 

standards. All polymers were dissolved in THF (10 mg 

mL
-1

).  

Thermal analyses were performed by differential 

scanning calorimetry (DSC) using a TA Instrument 

DSC calorimeter Q 2000.The samples (10 mg) were 

subjected to two successive temperature ramps under 

nitrogen from-70 °C to 180 °Cat a rate of 20°C/min. 

Thermogravimetric analyses were performed with a 

TA Instrument TGA Q500. Between 3 and 8 mg of 

sample were placed in a platinum crucible and 

subjected to a temperature ramp from 20°C to 800 °C 

with a rate of 10 ° C / min under nitrogen flow. 

Intrinsic viscosity [ηint] measurements were 

performed by using an Ubbelohde viscometer at 25°C 

in chloroform. All copolymers were dissolved at room 

temperature in order to prepare solutions of 1.5 g/dl 

concentration.  

Intrinsic viscosity was calculated using the 

Solomon–Ciuta equation (43, 44). [ηint]= [2 ((t/t0) – 

ln(t/t0) – 1)]
1/2

 / C. Where C is the concentration of the 

solution; t, the flow time of solution and t0 is the flow 

time of pure solvent. 

 

 

 

 

Table1.Chemical formulas of different synthesis Poly(ester-amide)s (PALD)  

Copolymer Chemical formula 

PALE 

 

PALP 

 

PALB 

 

PALH 

 

PALI 

 

3. Results and discussion  

Various Poly(ester-amide)s copolymers denoted 

PALD were synthesized from Adipic acid (A), L-

alanine (L) and different diols (D) by direct melt 

copolycondensation according to Scheme 1. The 

mixture of monomers was first heated to perform the 

formation of a dicarboxy-terminated amide dimers 

from L-alanine and adipic acid, then the esterification 

of generated dimers by the appropriate diol. Titanium 

butoxide catalyst is added to activate the carbonyl of 

the dicarboxylic acid and facilitate its attack by amino 

or hydroxyl functions.  The resulting oligomer mixture 

was then reacted under vacuum to yield high molar 

mass copolymers. 

 

3.1 Influence of the nature of dihydroxy monomer 

unit 

Five poly(ester-amide)s synthesized from adipic acid, 

L-alanine and ethylene glycol, 1,3-Propanediol, 1,4-

Butanediol, 1,6-Hexanediol and Isosorbide 

respectively were selected for this study. The major 

difference between these PEAs is the length of the 

dihydroxy monomer unit. 
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 The 
1

H-NMR, 
13

C-NMR and FTIR spectroscopic data 

of resulting PEAs were in total agreement with their 

anticipated chemical constitution. 

Scheme1. Synthesis of PALD copolymers 

 

FTIR spectra of PALD copolymers exhibit the 

expected features. A typical infrared spectrum of 

PALE is shown in Figure 1, with absorptions 

corresponding to amide NH (amide A), amide 

carbonyl (amide I) and amide C-N (amide II) at 3315, 

1642 and 1550 cm
-1

 respectively, to aliphatic CH at 

2922 cm
-1

, ester carbonyl at 1739cm
-1

,and C-O simple 

bond at 1154 cm
-1

.  

Figure 1. Infrared spectrum of PALE copolymer 

 

Typical 
1

H-NMR spectrum of PALE copolymer is 

shown in Figure 2. We show the presence of L-L 

dyads of poly(L-alanine) sequence (1
LL

 and 2
LL

 at 4.57 

and 1.40 respectively), the presence of E-A dyads of 

poly(ethylene adipate) sequence (3
AE

, 4
AE

 and 5
EA

 at 

2.35, 1.66 and 4.26 respectively). We observe also the 

presence of the mixed ester-amide E-L and A-L dyads 

(5
EL

 and 3
AL

 at 4.29 and 2.23 respectively). The proton 

resonances of the -CH- and -CH3 of L-alanine units 

are not affected by the nature of neighboring units, 

and are observed overlapped at 4.57 (1
LL

 = 1
LE

 = 1
LA

 = 

1
L

) and 1.40 (2
LL

 = 2
LB

 = 2
LA

 = 2
L

). (See Table 3 for 

dyads structures and atom numbering). 

Figure 2.1H-NMR spectra of a PALE (A) and PALB-50/50 (B) 

copolymers (300 MHz, CDCl3, ref δ (CHCl3) = 7.26 ppm)  

 

The experimental proton chemical shifts of all PALD 

copolymers are listed in table 3 and 4. In addition to 

the signals present in PALE spectrum, another signal 

that appears at 1.96 ppm is observed when we use 

propane-diol corresponding to the methylene (6
P

) in β 

position relative to the hydroxyl group, this signal 

denoted 6
B

 in PALB spectrum appears less deshielded 

(at 1.69 ppm) when we use butane-diol. In 
1

H-NMR 

spectrum PALH, the aliphatic sequence of the diol 

becomes longer and therefore the signal 6
H

 appears at 

1.59 ppm, preceded by another signal (7
H

) at 1.47 ppm 

attributed to the methylene in γ position relative to the 

hydroxyl group. 

 

Figure3. DSC curves of PALD poly(ester amide)s 
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Table2. Dyads present in copolymers (adipic acid (A), L-alanine (L) and diol (D))and the corresponding atom numbering. 

L-L 

 

D-A 

 

A-L 

 

D-L 

 

 

 

Table 3. Chemical shifts and assignments of the 1H-NMR spectra of PALE, PALP, PALB and PALH based on adipic acid (A), L-alanine (L) 

and diols (D); ethylene glycol(E), propanediol (P), butanediol (B) and hexanediol (H) 

 Proton 1
L 2

L 3
AL 3

AD 4
AD

 4
AL

  5
DA 5

DL 
6

DA
  

6
DL 

7
DA

  

7
DL 

δ (ppm) 

PALE 4.57 1.40 2.23 2.35 1.66 4.26 4.29 * * 

PALP 4.57 1.40 2.23 2.32 1.65 4.14 4.21 1.96 * 

PALB 4.57 1.40 2.23 2.32 1.65 4.08 4.16 1.69 * 

PALH 4.57 1.38 2.23 2.32 1.65 4.05 4.13 1.59 1.47 

 

Table 4. Chemical shifts and assignments of the 1H-NMR spectra of PALI, based on Adipic acid (A), L-alanine (L) and Isosorbide (I) 

 Proton 1
L 2

L 3
AL 3

AI 
4

AI
  

4
AL

  
a, a’ b b’ c c’ 

δ (ppm) PALI 4.65 1.40 2.22 2.38 1.65 5.17 4.82 4.44 3.93 3.90 

 

 

Monomer composition can be evaluated from 
1

H-

NMR spectra taking into account the area of signals 

corresponding to -CH2-CO protons of adipic acid units 

(3
AD

 and 3
AL

), -CH- protons of L-alanine units (1
L

) and -

CH2-O protons of diol units (5
DA

 and 5
DL

).  

In this way, diol (f D), adipic acid (f A) and L-alanine 

(f L) molar fractions were calculated according to the 

equations 1, 2 and 3 respectively: 
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The experimental ester bond molar content (EB) in 

the resulting polymer can be calculated according to 

the equation 4:   
 

            
     

            
      (4) 

 

The initial Amide/ester ratio of PALE, PALP, PALB 

and PALH polymers is 25/75, experimental 

determination of this ratio from the intensities of 

resonances of NMR spectra shows that these polymers 

possess very close experimental ester bond percentage 

(77.5%) and final monomer composition (38.3% of 

diol, 39.3% of Adipic acid and 22.2% of L-Alanine). 

In the same way for PALI, in which the final ester 

bond percentage is 72.9%, and it contains 35.3% of 

Isosorbide, 38.3% of Adipic acid and 26.2%  of  

L-Alanine.  

Differential scanning calorimetry and 

thermogravimetric data of these PEAs are summarized 

in table 5. The polymers are obtained in a totally 

amorphous state. It should be noted that the transition 

temperature (Tg) decreases when the aliphatic diol 

sequence becomes longer. This result is expected 

since the aliphatic chain length in the polymer 

structure provides some flexibility which facilitates 

segmental rotations thus leads to human falls in (Tg) 

values. 

 While, the presence of cyclic units in the polymer 

PALI gives it some rigidity which is manifested by an 

increase in its glass transition temperature (20°C). DSC 

curves of these polymers are shown in figure 3. All 

PEAs are thermally stable and exhibit 5% mass loss 

temperatures (Td,5%) that can reach 320°C. 

The intrinsic viscosities of all Poly(ester amide)s are 

evaluated in chloroform at 25°C, the results shown in 

table 5 indicate that these samples possess good 

intrinsic viscosities, that can reach 0.5 dl/g for PALP. 

Table 5 presents also the values of Mw and ĐM of 

different copolymers. All polymers possess important 

molar masses (for PALB, Mw can reach 22680 g/mol) 

in the exception of PALI copolymer. The moderate 

molecular weight and intrinsic viscosity of this sample 

can be explicated by the difficulty of eliminating the 

excess of Isosorbide during the reaction, which has a 

high boiling temperature. 

 
Table 5. Size exclusion chromatography (SEC), Intrinsic viscosity [ηint] and thermal analyses (DSC, TGA), of PALD polymers: Mass-average 

molar mass (Mw), molar-mass dispersity (ĐM), glass transition temperature (Tg) and 5% mass loss temperature (Td,5%). 

Polymer Mw
*
 (g/mol) ĐM

*
 [ηint]

** 
(dl/g) Tg  (°C) Td,5% (°C) 

PALE 19080 2.0 0.36 -16 304 

PALP 19450 2.1 0.50 -22 309 

PALB 22680 2.4 0.40 -27 320 

PALH 15580 2.2 0.22 -34 234 

PALI 2780 1.8 0.09 20 224 

 

3.2 Influence of Amide/Ester ratio 

PALB-x/y poly(ester-amide)s were synthesized by 

changing the amide ester ratio of initial monomers, 

this variety in their composition has a notable effect on 

spectroscopic data, thermal properties, viscosity and 

SEC measurement of resulting polymers. 

In FTIR spectra of PALB-50/50 to 10/90 copolymers, 

we observe the characteristic absorption bands 

corresponding to amide NH (a), amide I (d), and 

amide II (e) at 3300, 1648, and 1532 cm
-1

, to aliphatic 

CH (b) at 1941 cm
-1

, ester carbonyl (c) and at 1727, 

and C–O simple bond (f) at 1164 cm
-1

. Their relative 

intensities vary in the expected way when the 

amide/ester ratio changes. For instance, decreasing L-

alanine content clearly leads to a decrease of the 

amide I absorption which appears at 1648 cm
-1

(peak 

(d)).(Fig 4).  

Figure 4. Infrared spectra of PALB-50/50, 30/70 and 10/90. See text 

for comments on absorptions (a)-(f) 
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All proton NMR spectra exhibit the expected signals 

relative to the different dyads mentioned in table 2, a 

typical spectrum of PALB-50/50 is shown in Fig.2-B. 

The resonances were assigned with the help of 2D 
1

H/
1

H (cosy 45) spectrum of PALB-50/50 shown in 

Fig. 5. In addition to 1
LL

 and 2
LL

 signals respectively at 

4.56 and 1.40 ppm relative to amides sequences, and 

3
AB

 and 5
BA

 signals respectively at 2.32 and 4.08 ppm 

relative to ester sequences, we observe also the 

expected signals related to mixed ester-amide dyads 

synonym of the good progress of the interchange 

reaction. The formation of these sequences is 

confirmed by the presence of 5
BL

 and 4
AL

 signals at 4.15 

and 2.23 ppm respectively. 

 As mentioned above, the proton resonances of the -

CH- and -CH3 of L-alanine units are not affected by 

the nature of neighboring units ((1
LL

 = 1
LB

 = 1
LA

 = 1
L

, 

observed at 4.56 ppm and 2
LL

 = 2
LB

 = 2
LA 

= 2
L

, observed 

at 1.40 ppm)). 

Monomer composition and ester bond percentage 

were calculated as previously from 
1

H-NMR spectra 

following the equations 1, 2, 3 and 4. The summarized 

data in Table 6 show a good agreement between the 

final composition of PALB-x/y copolymers and the 

monomers feed ratio, with the exception of polymers 

PALB-50/50 and 40/60 having the higher L-Alanine 

fraction. In fact, they exhibit a slight increase in the 

final ester ratio, this is caused by the sublimation of L-

alanine during the reaction. 

Figure 5. 2D 1H-1H COSY NMR spectrum of PALB-50/50 

copolymer (300 MHz, CDCl3, ref δ (CHCl3) = 7.26 ppm) 

  
Table 6. Composition of PALB-x/y copolymers 

 

Polymer 

Composition 

f B (%) f A (%) f L (%) EB (%) 

PALB-50/50 33.3 36.3 30.3 68.7 

PALB-40/60 34.3 35.3 30.3 69.3 

PALB-30/70 37.3 38.3 24.2 75.5 

PALB-20/80 40.4 42.4 17.1 82.4 

PALB-10/90 43.8 45.9 10.2 89.5 

 

Fig. 6 shows the 
13

C-NMR spectrum of a representative 

polymer (PALB-50/50). Great complexity can be 

found, since multiple peaks are observed for each 

kind of carbon due to their sensitivity to the different 

neighbors, suggesting a non-block distribution of 

monomers. 

Chemical shifts, and assignments related to the most 

significant carbons; -CO, -CH2-O, -CH(CH3)-NH, -

CH2-CO, -CH2-CH2O, -CH2-CH2CO and -CH3 , are 

reported in table 7.  

Signals near 65 ppm (attributed to the CH2-O- carbon 

atom of a butanediol unit) appear split due to 

neighboring group effects. Four observed signals are 

attributed to four different sequences B-L-L, B-L-A, 

B-A-B and B-A-L. Note that these signals are split, 

since differences appear after only five or seven atoms 

for B-L and B-A dyads respectively. 

 

Figure 6. 13C-NMR spectrum of PALB-50/50 showing zones 

associated to the -CO, -CH2O -,      -CH(CH3)-NH, -CH2CO, -

CH2CH2- and -CH3carbons with their chemical shifts (ppm) (300 

MHz, CDCl3, ref δ (CDCl3) = 77.16 ppm) 
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The methylene adjacent to the CO group (Adipic unit) 

appears split into four signals. These signals are 

associated to the triads B-A-B, L-A-B, B-A-L or L-A-

L, since chemical differences are found after only four 

atoms in the direction of the preceding monomer and 

one atom in the direction of the following monomer. 

As a general trend, sequences with ester groups move 

downfield with respect to similar ones constituted by 

amide groups. This fact, together with the 

displacements deduced from the reference polymers, 

allows the assignment given in table 7 to be proposed. 

Much more complicated is the assignment of signals 

corresponding to the methylene adjacent to other 

methylene groups that appears near 25 ppm and that 

can belong either to a butanediol or an adipic unit. 

The observed signals are associated to seven possible 

triads taking into account the influence of adjacent 

units on the chemical shift value of the observed 

signal. 

It should be noted that the resonances corresponding 

on L-Alanine methyl groups are not affected by the 

nature of neighboring units and appear at 24.77 ppm, 

while -CH- carbons are manifested by two signals at 

48.41 and 48.59 ppm depending on the nature of the 

adjacent unit. 

 

Table 7.Chemical shifts, and assignments of the 13C-NMR spectrum of PALB-50/50 

Sequence δ (ppm) 

L-B –CO–NH–CH(CH3)CO*–O– 173.85 

B-A-B –O–CO(CH2)4CO–O– 173.72 

L-A-B –NH–CO(CH2)4CO–O– 173.60 

L-L-L –CO–NH–CH(CH3)CO–NH–CH(CH3)CO– 173.00 

A-L –CO(CH2)4CO–NH–CH(CH3)CO– 172.61 

B-L-L 

 

–CH2O–CO–CH(CH3)–NH–CO–CH(CH3)NH– 65.28 

B-L-A –CH2O–CO–CH(CH3)–NH–CO(CH2)4CO– 65.15 

B-A-B –CH2O–CO(CH2)4CO–O– 64.27 

B-A-L –CH2O–CO(CH2)4CO–NH– 64.14 

 

B-L-L 

 

–O–CO–CH(CH3)–NH–CO–CH(CH3)NH– 48.59 

B-L-A –O–CO–CH(CH3)–NH–CO(CH2)4CO– 48.59 

L-L-L –NH–CO–CH(CH3)–NH–CO–CH(CH3)NH– 48.41 

L-L-A –NH–CO–CH(CH3)–NH–CO(CH2)4CO– 48.41 

 

B-A-B 

 

–O–CO(CH2)3CH2CO–O– 

 

36.30 

L-A-B –NH–CO(CH2)3CH2CO–O– 36.14 

B-A-L –O–CO(CH2)3CH2CO–NH– 34.74 

L-A-L –NH–CO(CH2)3CH2CO–NH– 34.26 

 

A-B-L 

 

–CO–OCH2CH2CH2CH2O–COCH(CH3)NH– 25.70 

L-B-A –NHCH(CH3)CO–OCH2CH2CH2CH2O–CO– 25.70 

A-B-A –CO–OCH2CH2CH2CH2O–CO– 25.70 

B-A-B –O–COCH2CH2CH2CH2CO–O– 25.58 

L-A-B –NH–COCH2CH2CH2CH2CO–O– 25.58 

B-A-L –CH2O–COCH2CH2CH2CH2CO–NH– 25.33 

L-A-L –NH–COCH2CH2CH2CH2CO–NH– 25.33 

 

B-L-A 

 

–O–COCH(CH3)NH–CO(CH2)4CO– 

 

24.77 

B-L-L –O–COCH(CH3)NH–COCH(CH3)-NH– 24.77 

L-L-A –NH–COCH(CH3)NH–CO(CH2)4CO– 24.77 

L-L-L –NH–COCH(CH3)NH–COCH(CH3)NH– 24.77 

(*) carbon attributed 
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As expected, the DSC results of PALB-x/y 

copolymers show a clear relationship of the Tg values 

with the Amide/ester ratio. Indeed, increasing the 

fraction of L-alanine in the polymer composition 

improves its glass transition temperature, due to the 

formation of intermolecular hydrogen bonds. These 

polymers are thermally stable and exhibit 5% mass 

loss temperatures (Td,5%) above 280°C (Table 8). They 

are totally amorphous, in the exception of PALB-

10/90 which possesses a semi-crystalline structure with 

a melting temperature in the order of 28°C. This is 

clearly due to its very high ester ratio. 

Very important intrinsic viscosities and molecular 

weights were obtained for PALB-x/y polymers (Table 

8), however we noticed that the increase in L-alanine 

molar fraction in the initial mixture leads to a molar 

mass decrease of polymers. A similar negative effect of 

amino-acids on molar mass has been reported for the 

synthesis of glycine or β-alanine based PEAs and was 

interpreted by a partial catalyst deactivation due to 

interactions between titanium and amine and/or amide 

groups present during the reaction (15, 16). 

 

 

Table 8. Size exclusion chromatography (SEC), Intrinsic viscosity [ηint] and thermal analyses (DSC, TGA), and of PALB-x/y polymers: Mass-

average molar mass (Mw), molar-mass dispersity (ĐM), glass transition temperature (Tg), melting point (Tm), melting enthalpy (ΔHm) and 5% mass 

loss temperature (Td,5%). 

Polymer Mw
* 
(g/mol) ĐM

*
 [ηint]

**
 (dl/g) Tg (°C) Tm (°C) 

ΔHm 

(J/g) 
Td, 5% (°C) 

PALB-50/50 6430 2.7 0.16 -10 - - 284 

PALB-40/60 9170 2.2 0.24 -14 - - 281 

PALB-30/70 11220 1.9 0.75 -14 - - 311 

PALB-20/80 32380 2.0 0.88 -27 - - 320 

PALB-10/90 41800 2.7 1.06 -42 28 2.6 330 

*Determined by SEC using polystyrene standards. 

**1.5 dl/g of polymer in CHCl3 at 25°C. 

Conclusion  

In this work we have studied the synthesis and 

characterization of a series of poly(ester-amide)s 

derived from L-Alanine, adipic acid and five different 

diols. The Infrared and NMR results are fully 

consistent with their anticipated chemical structures. 

Final monomer composition of all PEAs was 

evaluated from 1H-NMR spectra, the resulting data 

show a good agreement between the final composition 

and the monomer feed ratio. All resulting polymers 

are thermally stable to temperatures that could reach 

330°C. We noticed the influence of the nature of used 

diol on the glass transition temperature values (Tg) of 

PALD polymers, indeed this temperature decreases 

when the aliphatic sequence of the diol is longer. The 

use of a diol having a heterocyclic structure 

(isosorbide) increases the Tg value, and hence 

improve the thermal properties of the resulting 

polymer. The impact of Amide/ester ratio on thermal 

properties was studied through PALB-x/y polymers. 

As expected, the increase in amino acid content leads 

to an increase in the glass transition temperature. 

These polymers possess very high inherent viscosities 

that could reach 1.06 dl/g for PALB-10/90, and 

therefore very important molecular weights 

(Mw=41800g/mol).  
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Abstract 

Quartz sand of Fortuna formation was assigned to the Oligo-Miocene. This formation outcrops in Central Tunisia, 

particularly in the Ain Bou Morra area. The grain particle size ranges from fine to medium. The morphoscopic analysis 

shows that the useful fraction (100-630μm) consists essentially of transparent quartz grains. The mineralogical study of 

samples after separation in heavy liquid indicates that they contain a small amount of heavy minerals such as: tourmaline, 

zircon and staurotide. The X-ray diffraction analysis of the total rock revealed that quartz is the major mineral constituent 

of sand. Chemical analysis shows high content of SiO2. Coloring elements (Fe2O3) and (TiO2) are slightly elevated. The 

study aim was to remove impurities from silica sand, in order to upgrade quartz sands and to produce material that has a 

higher potential value for industrial manufacturing processes. Several processing physical techniques (attrition, gravity, 

magnetic and electrostatic separation) have been developed. The obtained material after treatment was characterized using 

Atomic Absorption Spectroscopy (AAS) and Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). 

Chemical results through the combined techniques show a significant increase of impurities (such as Fe, Ti, Cr …) and a 

significant increase of SiO2. The final concentrate achieved 99.99 % SiO2, 8 ppm Fe2O3 and 6 ppm TiO2 was obtained, at 

the optimum operating conditions, from an ore containing about 98.8% SiO2, 0.16% Fe2O3 and 0.05% TiO2. The treated 

sand has been found to be a satisfactory material conforms to the requirements of optical glass, crystallaboratory glass and 

photovoltaic cells. 

Keywords: Attrition, Electrostatic and magnetic separation. Quartz sand. 

1. Introduction 

Silica sand industry in Tunisia has   been   growing   

rapidly due to increased demand from civil 

engineering, pharmaceutical practices, chemical, 

foundries, glass, ceramic, electronics and photovoltaic 

industries. However, the glassmaking is an important 

component in the glass production accounting for 

around 65 to 70% wt of total raw material input. 

The specifications made on glassmaking sands 

(Harben and Kuzvart 1997) are defined essentially by 

their chemical composition (SiO2, Al2O3, Fe2O3 and 

TiO2) and by the useful granulometric fraction (0.1 to 

0.6 mm). A high content of SiO2 which is more than 

98% is combined with low impurities (%Fe2O3 must be 

lower than 0.2%). This kind of raw sand, called extra-

siliceous sand is very abundant in Tunisia, especially in 

Oligocene and Miocene outcrops. Different authors 

have been studied the characterization of these sand 

deposits (Griffiths 1987; El Maaoui 1993; Jouirou 

1981; Louhaichi 1981; Trabelsi 1988; Jamoussi 1991; 

Added 2005; Ben Fradj 2010). However, few works 

carried out on the purification and beneficiation 

process (Aloui, 2010; Gallala et al. 2009; Gallala 2010; 

Gaied & Gallala 2011) 

Depending on the degree of purification described can 

hold two treatment schedules, which were tested in 

this study. 

• The first schema contains the size classification 

before and after attrition followed by a dry magnetic 

separation. 
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A wet screening on 1.7 to 1mm before attrition to 

remove large and mid-large quartz coated tablets 

which can cause mechanical problems within the 

attrition cell. 

A classification after attrition ranging from 0.1 to 0.63 

mm was used, in order to recover the useful fraction 

and remove the fine fraction below 0.1 mm. The latter 

has contents in harmful elements significantly higher 

than the coarse fractions. 

This scheme allows the preparation of purified sands 

with iron contents of about 300 to 400 ppm and a 68% 

weight yield for Aquitania sand from Ain Bou Morra. 

• The second scheme includes more gravity 

separation, between the attrition operation and high 

intensity magnetic separation wet and still followed by 

electrostatic separation. This scheme was applied on 

three composite samples of sand Ain Bou Morra 

helped prepare sands much more refined, with iron 

content in the order of 9ppm and a weight of 76% 

yield. 

2. Geological Setting  

The study area is located in the region of Ain Bou 

Morra. It is 20 Km from west of Sbikha village 

(governorate of Kairouan, central Tunisia.). 

The site is located east of the sub-meridian structure 

Boudabouss. The area is covered by the geological 

Djebibina map. 

In this region the series show outcrop of Tertiary age 

deposits .These deposits are affected by sub-meridian 

direction of wrinkles. The sands studied belong to the 

upper Fortuna formation of Aquitanian age. 

The series are composed of three lithological units 

from the bottom to the top (Figure 2): 

- Lower unit: it shows 30 m thick sand-clay alternations 

covered by a large mass of misclassified sand that 

exceeds 70 m thick. Indeed, this basal series is in the 

form of consolidated sandstone rock benches with a 

general rate of granular decreasing sequences stratified 

sandstones.  

- Middle unit: with 200 m thick, it is 

characterized by medium particle size sand with cross-

stratification.  

- Upper unit: with 345 m thick, it is 

characterized fine sand very ranked well. 

The sands are organized in decreasing size sequences 

with coarse sand quartz at the bottom and finer sand at 

the top of each sequence.   

The sequences are intercalated by centimetric clay 

layers

Figure 1 :  Location of the study area on an extract of the geological map 1/500 000 of Tunisia 
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           Location of the studied samples. 

MI – s : Langhien – Serravallien, Clay interbedded of sands (MAHMOUD). Mb –I : Burdigalien supérieur – Langhien, Sandy limestone 

with bioplaste (AIN GRAB). Ma –b : aquitanien – Burdigalien a- coarse sandstone with quartz dragees (EL HAOURIA higher), 

 b- Alternating sandstone and clay (EL HAOURIA lower). O : Oligocène Clay interbedded with sands and limestones 

 

Figure 2 : Location of the study site at the geological map Djebibina of 1:50 000. 

Figure 3 : Geological section in the region of Ain Bou Morra 

  

3. Material and methods  

Sand samples were collected by making grooves 

perpendicular to the outcrops and after etching the 

surface. The samples were mixed to prepare a fairly 

representative sample of each faces. The obtained 

sample has undergone several quartages to obtain 

similar samples with equal amount for analytical 

processing.  
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The representative ore sample is obtained from Ain 

Bou Morra Province, Tunisia. For the determination 

of granulometric distribution, standard sieves from the 

series “AFNOR” were used.   

Major elements were analyzed by Atomic Absorption 

Spectrophotometer (AAS) “Perkin Elmer” 3300. In 

addition for monitoring minor and trace elements, the 

Inductively Coupled Plasma Atomic Emission 

Spectrometer (ICP-AES) (ULTIMA-C) was 

employed. The mineralogical analysis was carried out 

using stereomicroscopy. petrographic microscope and 

X-ray diffraction “X’ Pert Pro MPD PANalytical” 

using Cu Kα radiation operating at 40KV and 20mA 

were used. 

The heavy minerals separation was carried out by the 

standard tetrabromoethane technique (specific gravity 

2.96). In this case, the attrition was done using 

Wemco cell (sand scrubber).  

This process consisted of conditioning the sample at 

70% solids during 15min. Size fractions from +0.1 to 

0.63 mm were used for gravity separation by shaking 

table. Dry magnetic separator (15000 Gauss), wet high 

intensity magnetic separator (20,000 Gauss) and 

electrostatic separator (25 to 30KV) from Carpco were 

respectively used for magnetic separation and 

electrostatic separation tests as well .These two tests 

were carried out at the laboratory of Liege University.  

4. Results and discussion  

4.1 First method of treatment 

The first method includes three stages: the 

classification (screening) before and after attrition 

followed by a dry magnetic separation. 

 

4.2 Raw Sand characterization 

4.2.1 Mineralogical analysis 

The observation under a binocular microscope shows 

transparent grains with irregular shape. About 99% of 

the grains are formed by small quartz grains.   

The raw samples under the binocular microscope, 

X-ray diffraction analysis: were conducted XRD 

reveals the dominance of quartz phase (3.34 Å) for the 

analysis of medium sand samples.  

However XRD analysis for the fraction > 2µm 

identified the presence of kaolin and illite clay. 

 
 

 

 

Figure 4 :  X ray diffractogram  clay treated with ethylene glycol 
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Figure 5 : X ray diffractogram  of clay heated at 550°C 

 

Figure 6 : X ray diffractogram  powder of raw sample 1 

 

 

 

4.2.2 Chemical and grain size analysis 

Results of chemical analyses (Table 1) reveal that 

quality of silica sand is reasonable but some high 

impurities make uncertainty to produce high grade 

glass or photovoltaic cells.  Major elements, mainly 

(SiO2), ranges from 98.69 % to 99.55wt% which gives 

an extra siliceous character for the sand (Table 1). 

 Although contents, in some samples, of Al2O3 

(0.25 to 0.47 wt %), Na2O (0.012–0.017 wt%), K2O 

(0.11–0.17 wt%) are not tolerable, but it is possible to 

remove or decrease . 

These elements which are concentrated in the clay 

fractions. Major impurities, qualified as penalizing 

agent in the glass industry, mainly  Fe2O3 and TiO2 

range respectively from 0.12 to 0.17 wt% and from 

0.033 to 0.08 Wt%. These contents 

are outside the specifications for high grade glass. In 

order to obtain satisfactory product, it is primordial to 

upgrade the raw materials.  
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Table 1 : Chemical analysis of raw sand samples 

 
Sample SiO2 

% 

Al2O3 

% 

CaO 

% 

Fe2O3 

% 

K2O 

% 

MgO 

% 

Na2O 

% 

TiO2 

% 

Cr 

(ppm) 

Cu 

(ppm) 
Sample 1 99.39 0.25 0.07 0.12 0.11 0.010 0.012 0.033 9 8 

Sample 2 99.17 0.29 0.09 0.15 0.13 0.015 0.017 0.04 10 9 

Sample 3 98.69 0.47 0.11 0.17 0.17 0.07 0.016 0.08 9 9 

 

Figure 7  : X ray diffractogram  powder of raw sample 2 

 

 

Figure 8 : X ray diffractogram  powder of raw sample 3 
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Plate 1 :  photos of Mineralogical identification of the conductive portion of Fortuna sand Ain Bou Morra 
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Plate 2 : Mineralogical identification of the dense fraction of Fortuna sand from Ain Bou Morra 
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4.2.3 Physical treatments 

The raw fraction (-0.63+0.1mm) is suitable for the 

manufacture of flat glass and other types of white glass. 

However, to make high-grade silica sand an additional 

physical treatment is necessary comprising the 

following successive stages:   

The first schema contains the size classification before 

and after attrition followed by a dry magnetic 

separation attrition and electrostatic separation. The 

results of the final product are (Table 2): 
Table 2 : results of chemical analysis of the final product after treatment by attrition and dry magnetic separation 

 

Sample 
SiO2 

% 

Al2O3 

% 

CaO 

% 

Fe2O3 

% 

K2O 

% 

MgO 

% 

Na2O 

% 

TiO2 

% 

Cr 

(ppm) 

Cu 

(ppm) 
Sample 1 

99.51 0.14 0.03 0.031 0.11 0.0072 0.013 0.01 nd nd 

Sample 2 
99.39 0.12 0.05 0.029 0.10 0.0061 0.012 0.012 nd nd 

Sample 3 
99.36 0.11 0.026 0.022 0.09 0.0073 0.015 0.01 nd nd 

nd: not detected 

 

For the three studied samples, the purified fraction 

after attrition and dry magnetic separation is the 

available size fraction between 0.1et 0.63mm. 

Purified samples show silica content of 99.36%. 

The contents of the most harmful impurities 

decreased after treatment and may have an iron 

content between 0.02 and 0.031%, a content of 0.11 to 

0.14% for alumina, a content of 0.01 % of titanium; 

chromium being not detected. 

 

The second scheme includes more gravity separation, 

between the attrition operation and wet high intensity 

magnetic separation (WHIMS) and followed by 

electrostatic separation. 

To reach the requirements of high-quality sand 

industry, the sand should be further purified with silica 

grains devoid of other minerals or any contaminants. 

The final product must include a total contaminant 

level <10 ppm (Outotec, 2007). In order to reach this 

specification the high voltage electrostatic separation 

was applied. 

Practically, the separator with different voltage value is 

used. The results are given in table 3. 

 

Table 3 : Variation of% weight and the% of Fe2O3 of the fraction 

non-conductive fraction  

VOLTAGE  

KV 

% Weight of 

non-conductive 

fraction 

% Fe2O3 

10 42 0.028 

15 72 0.019 

20 87 0.003 

28 99 0.0009 

30 82 0.007 

 

 

Table 4 : distribution of weight and the% of Fe2O3 according to the 

fraction not conductive voltage variation (%) 

VOLTAGE   

KV 

% Weight of 

non-conductive 

fraction 

% Fe2O3 

10 40 0,03 

15 71 0,025 

20 89 0,0028 

28 98 0,0001 

30 79 0,0025 

 

Table 5 : distribution of weight and the% of Fe2O3 according to the 

fraction not  conductive voltage variation (%) 

VOLTAGE   

KV 

% Weight of 

non-conductive 

fraction % Fe2O3 

10 37 0,029 

15 66 0,023 

20 81 0,004 

28 94 0,0001 

30 80 0,002 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Curve of variation of the weight% of the non-conductive 

portion in function of the voltage (kV): case of the average sample 

Am1. 
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Figure 10.  Variation curve of the Fe2O3 content in function of the 

voltage (kV) If the average sample AM1. 

 
Figure 12. Variation curve of the Fe2O3 content in function of the 

voltage (kV) If the average sample AM2. 

 

Figure 11.  Curve of variation of the weight% of the non-conductive 

portion in function of the voltage (kV): case of the average sample 

AM2. 

 
 

The best yield weight is obtained with 28 kilovolts. If 

the voltage exceed this threshold the result becomes 

less efficient. 

Indeed, by applying a voltage higher than 28 kilovolts 

a double failure is present: firstly the manifestation of a 

very intense electrical discharge and secondly the 

substantial decrease of the weight of non-conductive 

fraction yield (Example AM1 sample the% weight 

decreases from 99 to 82%). The voltage of 28 kilovolts 

is the ideal voltage for efficient separation while 

maintaining the other parameters constantThe results 

of chemical analyses of the non-conductive fraction are 

represented in table 6. 

 

 

 

Table 6 : Results of chemical analyses of the final product after attrition treatment, gravity separation, wet high intensity magnetic separation and 

electrostatic separation. 

Sample 
SiO2 

% 

Al2O3 

% 

CaO 

% 

Fe2O3 

% 

K2O 

% 

MgO 

% 

Na2O 

% 

TiO2 

% 

Cr 

(ppm) 

Cu 

(ppm) 
Sample 1 

99.99 0.008 0.005 0.0009 0.009 0.002 0.003 0.001 nd nd 

Sample 2 
99.97 0.01 0.009 0.0010 0.009 0.004 0.003 0.002 nd nd 

Sample 3 
99.94 0.03 0.011 0.0013 0.01 0.003 0.004 0.004 nd nd 

nd: not detected 

 

It is shown that the depletion of iron oxide (0.0009% 

Fe2O3) and titanium oxide (0.001 %TiO2) in the non 

conductive fractions (Table 6) was successfully 

conducted.  

This proves that the adopted treatment approach 

decrease the potential of contamination for the final 

product of quartz sand. Therefore, the obtained 

product could be used in high technology industries 

such as the manufacture of silicon for photovoltaic 

cells manufacture, optical fibers and electronic chip. 

This type of testing has also been undertaken with 

only attrition of sands. The beneficiation of the sand is 

less effective. 

These induce that gravity and wet magnetic separation 

and electrostatic separation, were needed to make an 

efficient recovery process. 

The processing steps are illustrated in summarized 

flow-sheet. 
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Figure 13: Flowsheet of the two presented schemes 
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Figure 4 Curve of variation of the weight% of the non-conductive 

portion in function of the voltage (kV): case of the average sample 

Am3 

 
Figure 5.  Variation curve of the Fe2O3 content in function of the 

voltage (kV) If the average sample AM3. 

 

Conclusion  

Mineralogical and chemical studies carried out on 

silica sand samples from Ain Bou Morra area shows 

that the main impurities are iron, titanium and 

feldspar minerals. Most of the impurities are 

distributed in the finer fraction (flat glass, optical glass, 

glass white, half white glass, glass wool and glass brick) 

and also for the chemical industry (silicate 

manufacturing soda). 

While under the second scheme, prepared sands can 

be used even for the manufacture of crystal glass as 

raw material for silicon production which is the main 

element used for the manufacture of photovoltaic 

solar cells and electronic chips.  
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