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ABSTRACT 
 

The paper presents a mathematical model for predicting the mechanical 

properties of hot rolled strips. The realization of this mathematical model relied on 

statistical measurements of the mechanical properties (Rm, Rp0,2 and A5) for the 

laminated strip in the LBC rolling mill from the Liberty Steel Galati steel plant. To 

achieve this mathematical model, there has been used the active experiment 

method. 

By means of this mathematical model, significant time and material savings 

can be made in the process of testing the mechanical properties for hot rolled tape. 

 
KEYWORDS: mathematical model, statistical measurements, active 

experiment, mechanical properties 

 

1. Introduction 
 

Located in south-eastern Romania, Liberty 

Galati is the largest integrated plant in the country 

and a leader in the manufacture of steel products, with 

a current production capacity of 2 million tons of 

steel, with the possibility of increasing it. It is known 

that the current demand of the hot and cold rolled 

products market is decreasing, which makes the 

producers of low carbon rolled steel strips and sheets, 

to permanently increase the research on the way of 

elaboration, casting and their processing, thereby 

strengthening the values of mechanical properties 

necessary for appropriate machinability with 

beneficial results on the costs of the finished product. 

Modeling in general and mathematical modeling 

in particular, is a basic tool in the design phase but 

also in the execution phase as well as in the analysis 

of the functioning of processes. To determine the 

optimum in a metallurgical process, mathematical 

modeling is used with the help of computers by using 

specialized programs [1]. 

Development of mathematical models in general 

and statistical data processing methods, in particular, 

recorded in a technological process made it possible 

for the optimal decision to be approached on the one 

hand as a matter of technical efficiency and on the 

other hand as a matter of high economic efficiency 

[2]. 

In the metallurgical industry, the mathematical 

model of that process can be used to calculate the 

optimal conditions for that process, but it can also be 

used to provide information on the optimal 

management of metallurgical processes [3]. 

Mathematical modeling by statistical methods 

has two important stages of realization: 

- the first stage is called a preliminary 

experiment and has the role of solving the problem of 

selection of process factors as well as the interactions 

that may occur; 

- the second stage called the experiment on 

which the operator relies to perform real modeling 

and statistical analysis of the model [4]. 

The variation of process factors is assessed in 

the preliminary experiment by performing a series of 

determinations based on programs (dispersion 

analysis, correlation analysis, etc.) which allow the 

selection of factors that significantly influence and 

highlight the links between factors and their 

contribution to the process [3, 5]. 

The paper aims to create a mathematical model 

for predicting the values of mechanical properties of 

hot rolled strips in LBC from the Liberty Steel Galati 

plant. 

By using this mathematical model, a saving of 

time and material will be obtained by not performing 

the operations of effective mechanical tests to 

establish the values of the mechanical properties 

pursued. 
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2. Experimental conditions 

 

Slabs intended for the rolling process from 

DD11 quality are heated in propulsion furnaces. 

Heating is performed in order to transform the 

polyphasic structure of steel into a single-phase 

austenite structure and dissolve in its mass the 

carbides [6]. 

Three different chemical compositions (EC) for 

hot-rolled DD11 steel were taken into account: 1-CE 

= 0.1%; 2-CE = 0.09%; 3-CE = 0.08%. 

The experimental data had as parameters besides 

the chemical composition, the rolling end temperature 

(Tf1 = 900 oC, Tf2 = 870 oC, Tf3 = 840 oC) and the 

winding temperature (Tw1 = 606 oC, Tw2 = 600 oC, Tw3 

= 594 oC), hot rolled rolls. The hot rolling of the 

strips is done in a wide temperature range and is 

accompanied by phase transformations and structure 

transformation. The paper presents the elaboration of 

the equations of the mathematical model with the 

help of which the mechanical properties of the hot 

rolled strips in LBC Liberty Galati can be predicted. 

Mathematical modeling was performed by the 

method of active experiment, when statistical 

methods are used in all stages of experimental 

research: 

- before carrying out the experiment, by 

establishing the number of experiences and the 

conditions for their realization; 

- during the development of experiments by 

processing the obtained results; 

- after the end of the experiment through 

conclusions regarding the realization of future 

experiences. The programming of the experiment 

involves: 

- establishing the necessary and sufficient 

number of experiences and the conditions for their 

realization; 

- determining by statistical methods the 

regression equation, which represents with a certain 

degree of approximation, calculable, the process 

model; 

- determining the conditions for achieving the 

optimal value of the process performance (parameter 

to be optimized). 

 

3. Experimental results 

 

In this paper we have made the mathematical 

model (regression equation) of the hot rolling process 

for steel slabs brand DD11, by statistical methods, 

namely regression analysis by active experiment. The 

equations of the elaborated mathematical model are 

of the form: Y = f (x1, x2, x3). We considered as main 

influencing factors (independent variables of the 

process of making hot rolled strips) the following 

technological processing parameters: 

x1 - carbon equivalent - CE, [%]; 

x2 - rolling end temperature - Tf, [oC]; 

x3 - winding temperature - Tw, [oC]. 

Dependent variables (parameters to be 

optimized):  

Y1 - breaking strength, Rm, [MPa];  

Y2 - flow limit, Rp02 [MPa]; 

Y3 - specific elongation at break, A5, [%]; 

In order to code the experiment, the following 

notations and symbols were used: x1, x2, x3 - the 

independent variables (process parameters) and Y1, 

Y2, Y3 - the dependent variables of the process. 

There are the following links between natural 

and coded values of factors xi: 

 

,      (1) 

 

where: CE-carbon equivalent, %; CE0-carbon 

equivalent, base value, %; ΔCE-variation of CE 

between upper and lower level and between basic and 

lower level; Tf - end rolling temperature, ºC; Tf0 - end 

rolling temperature at the base level, ºC; ΔTf - 

variation of Tsf between the upper level and the basic 

level and between the basic level and the lower level, 

ºC; T - temperature end of rolling, ºC; Tw0 - end 

rolling temperature at the base level, ºC; ΔTw - 

variation of Tî between the upper level and the basic 

level and between the basic level and the lower level, 

ºC; Yi values are expressed in natural units. 

Since the influence of the three factors on the 

performance of the process (Y) is studied, a complete 

factorial experiment of the type 23 has been achieved 

[2]. 

Extended matrix of the complete factorial experiment 23 
Nr. exp. X0 X1 X2 X3 X1 X2 X1 X3 X2 X3 Y1 Y2 Y3 

1 +1 +1 +1 +1 +1 +1 +1 382 306 29 

2 +1 -1 +1 +1 -1 -1 +1 380 304 30 

3 +1 +1 -1 +1 -1 +1 -1 420 336 28 

4 +1 -1 -1 +1 +1 -1 -1 395 316 27 

5 +1 +1 +1 -1 +1 -1 -1 393 314 29 

6 +1 -1 +1 -1 -1 +1 -1 383 306 29 

7 +1 +1 -1 -1 -1 -1 +1 428 340 24 

8 +1 -1 -1 -1 +1 +1 +1 320 320 26 
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Based on the matrix of the complete factorial 

experiment, the coefficients of the regression 

equation are calculated (mathematical model). 

Considering the function Yi as the analytical 

expression of the first order model, it is of the form: 

 

                     (2) 

Y1 = 𝟑𝟗𝟕.𝟐 + 𝟖.𝟏𝟐𝟓·𝒙𝟏 – 𝟏𝟑.𝟏𝟐𝟓·𝒙𝟐 – 𝟑.𝟑𝟕𝟓·𝒙𝟑 – 𝟓.𝟏𝟐𝟓·𝒙𝟏·𝒙𝟐 – 𝟏.𝟑𝟕𝟓·𝒙𝟏·𝒙𝟑 – 𝟎.𝟏𝟐𝟓·𝒙𝟐·𝒙𝟑 
Y2 = 𝟑𝟏𝟕.𝟓 + 𝟔.𝟐𝟓·𝒙𝟏 – 𝟏𝟎.𝟐𝟓·𝒙𝟐 – 𝟐.𝟐𝟓·𝒙𝟑 − 𝟑.𝟕𝟓·𝒙𝟏·𝒙𝟐 – 𝟎.𝟕𝟓·𝒙𝟏·𝒙𝟑 – 𝟎.𝟐𝟓·𝒙𝟐·𝒙𝟑 

Y3 = 𝟐𝟕.𝟓 – 𝟎.𝟐𝟓·𝒙𝟏 + 𝟏.𝟓·𝒙𝟐 + 𝟎.𝟕𝟓·𝒙𝟑 + 𝟎·𝒙𝟏·𝒙𝟐 + 𝟎.𝟐𝟓·𝒙𝟏·𝒙𝟑 – 𝟎.𝟓·𝒙𝟐·𝒙𝟑 
 

By replacing the coded variables xi with the 

relations (1) in the above equations and performing 

the related calculations, the following equations in 

natural quantities are obtained, equations that 

represent the mathematical model: 

 

              (3) 

 

         (4) 

 

      (5) 

 

The equations: (3), (4), (5) make up the 

mathematical model of the studied process valid for: 

CE = 0.08-0.1%, Tf = 840…900 ºC and Tw = 

594…606 ºC. 

Tables 1-3 show the measured values, those 

calculated using the mathematical model and the 

difference between the measured values and those 

calculated for the 3 mechanical properties studied. 

 

Table 1. Measured, calculated and the difference between measured and calculated values for Rm 
 

Nr. 

crt. 

Y1 measured Y1calculated Y1meas – Y1calc 

Rm [MPa] Rm [MPa] [MPa] 

1 382 384.098 -2.098 

2 380 383.348 -3.348 

3 420 410.93 9.07 

4 395 403.68 -8.68 

5 393 383.869 9.131 

6 383 387.348 -4.348 

7 428 419.201 8.799 

8 400 406.451 -6.451 

 

Table 2. Measured, calculated and the difference between measured and calculated values for Rp0,2 
 

Nr.    

crt.  

Y2measured Y2calculated Y2meas – Y2calc 

Rp0,2 [MPa] Rp0,2[MPa] Rp0,2 [MPa] 

1 306 308.996 -2.996 

2 304 305.496 -1.496 

3 336 337.332 -1.332 

4 316 318.832 -2.832 

5 314 315.404 -1.404 

6 306 308.904 -2.904 

7 340 342.747 -2.747 

8 320 321.247 -1.247 
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Table 3. Measured, calculated and the difference between measured and calculated values for A5 
 

Nr. 

crt. 

Y3measured Y3calculated Y3meas – Y3calc 

A5 [%] A5 [%] A5 [%] 

1 29 29.11 -0.11 

2 30 29.190 0.81 

3 28 27.082 0.918 

4 27 27.162 -0.162 

5 29 28.09 0.91 

6 29 29.169 -0.169 

7 24 24.118 -0.118 

8 26 25.197 0.803 

 

Figures 1-6 show the variation of mechanical 

properties calculated with equations (3), (4), (5) 

depending on the values of the analysed factors, 

giving different values to the parameters of the 

studied process (CE, Tf, Tw). 

Figure 1 shows the variation of the mechanical 

properties Rm and Rp0.2, for different values of the CE 

parameter, keeping constant, at the basic level, the 

values Tf and Tw. 

Figure 2 shows the variation of elongation at 

break A5, for different values of the CE parameter, 

keeping constant, at the basic level, the values Tf and 

Tw. 

 

 
 

Fig. 1. Rm = f(CE) and Rp0.2 = f(CE) for Tf = ct. and Tw = ct. 
 

 
 

Fig. 2. A5 = f(CE) for Tf = ct. and Tw = ct. 
 

Figure 3 shows the variation of the mechanical 

properties Rm and Rp0.2, for different values of the 

parameter Tf, keeping constant, at the basic level, the 

values CE and Tw. 
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Figure 4 shows the variation of elongation at 

break A5, for different values of the parameter Tf, 

keeping constant, at the basic level, the values CE and 

Tw. 

 

 
 

Fig. 3. Rm = f(Tf) and Rp0.2 = f(Tf) for CE = ct. and Tw = ct. 
 

 
 

Fig. 4. A5 = f(Tf) for CE = ct. and Tw = ct. 
 

Figure 5 shows the variation of the mechanical 

properties Rm and Rp0.2, for different values of the 

parameter Tw, keeping constant, at the basic level, the 

values CE and Tf. 

Figure 6 shows the variation of elongation at 

break A5, for different values of the parameter Tw, 

keeping constant, at the basic level, the values CE and 

Tf. 

 

 
 

Fig. 5. Rm = f(Tw) and Rp0.2 = f(Tw) for CE = ct. and Tf = ct. 
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Fig. 6. A5 = f(Tf) for CE = ct. and Tw = ct. 
 

As it can be seen, the calculated values, using 

the mathematical model, for the parameter to be 

optimized Yi (i = 1…3) are very close to the 

measured values. Therefore, the mathematical model 

presented in the set of equations (3), (4), (5) allows 

the prediction of the properties for DD11 steel 

laminated to LBC from the Liberty Steel Galati plant. 

The prediction of the properties is achieved by 

varying the values of the technological parameters, 

within the experienced limits. 

 

4. Conclusions 
 

The elaborated mathematical model can be 

described as a function with three parameters, each 

studied mechanical property (output quantity) 

depends on: 

- CE - carbon equivalent, 

- Tf - end rolling temperature, 

- Tw - temperature of the winding of the roller; 

The differences between the values recorded 

when measuring the mechanical properties and those 

obtained by calculation based on the mathematical 

model developed, are small or very small. 

The equations of the mathematical model, for 

the 3 studied mechanical properties, allow the 

prediction of the values of these properties by 

calculation, without the need of performing specific 

mechanical tests. 

By using this mathematical model, time and 

money can be saved by those who apply it. 

The elaborated mathematical model is in close 

accordance with the process of rolling hot strips. 
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ABSTRACT 
 

The paper focuses on the design of the metal tower for the sinking of Netiș de-

ventilating shaft in Râul Mare Retezat hydro-energetic setup. The analytical 

calculation of sizing and verification of the metal structure is doubled by the 

graphic simulation with speciality software, in view of obtaining results as close as 

possible to the real exploitation conditions of the tower. The tower of the de-

ventilating shaft is considered to be a temporary construction, and its component 

parts will be decommissioned once the sinking is finalized. The tower is made up of 

metal structures in four transoms, 3 being mounted with junction plates and screws, 

the fourth being the roof. 

 
KEYWORDS: winging installation, metal structures, design and simulation, 

de-ventilating shaft 

 

1. Introduction 
 

To improve the present utilization and 

exploitation conditions in Râul Mare Retezat hydro-

energetic setup, it is necessary to sink a de-ventilating 

shaft; this is the object of the present paper. The de-

ventilating shaft is a classical mining working, similar 

to those generally used for the extraction of useful 

mineral substances; what is particular in this case is 

the position conditions in a mountain area of the 

winding machine. 

De-ventilating shafts are hydro technical 

workings intended to remove air from underground 

galleries, in order to increase and make even the flow 

of the handled water. This phenomenon is translated 

in supplementing the electricity production, 

determined by the reduction of the air resistance in 

case of water flow in the head race [1]. 

2. Establishing the load forces 

 

The winding tower is stressed in time due to the 

hoisting of the sterile extracted during the sinking of 

the de-ventilation shaft. In the following, the 

conditions for the analytical calculation will be 

defined and materialized [1]. 

Thus, in Fig. 1 the calculation model is 

presented with the geometric dimensions of the tower 

to determine its state of load. 

Determination of the position of the weight 

centre of the tower on the three geometric axes is 

calculated according to the weights of the transoms, 

the positions of the weight centres of each transom, 

the weight of the pulleys and their weight centres. 

The total weight of the tower in N is: 

 

                   (1) 

 

where: Gti - lower transom weight, in N; Gm -

intermediary transom weight of the tower, in N; Gts - 

upper transom weight, in N; Gps - weight of the upper 

platform of the tower, in N; Ga - tower roof weight, in 

N; Gts - weight of the stair’s transom of the tower, in 

N; Gpd - weight of the tower’s discharge platform, in 

N; Gmm - weight of the 2000 pulley with support, in 

N; Gm6 - weight of the 600 pulley, in N. 
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Position of the tower’s weight centre, in mm: 

 

                               (2) 

                             (3) 

                          (4) 

 

 
 

Fig. 1. Calculation model 
 

In order to establish the maximum charging load 

of the tower, the inclination angle of the cable and 

anchor will be used, the height up to the pulley axis, 

the distance from the pulley axis to the tower axis, the 

weighs of the mobile bridge, the gripper trolley, the 

gripper, the useful load, weight of the cylinder, of the 

cable, together with the minimum and maximum 

length of the cable.[5] 

Determination of the maximum load at the 

launching of the mobile bridge is determined with the 

formula: 

 

                                      (5) 

 

 

where: Gpm - weight of the mobile bridge, in N; Gtg - 

weight of the gripper trolley, in N; Gg - weight of the 

gripper, in N; Giu - weight of the useful load, in N; Gc 

- weight of the cylinder, in N; gcab - specific weight of 

the Φ25 mm cable, in N/ml; lc - minimum length of 

the cable, from the pulley to the bridge, in m. 

Determination of the load vertically of the rocks 

taken out with the skip, is defined by the weight of 

the skip, transport of the materials taken out by skips, 

the weight of the skip, the weight of the safety hook, 

the weight of e-169 device, the weight of the slide 

carriage and of the skip load, all in N. 

 

                                      (6) 

 

where: Gch – 0.75 m3 skip weight, in N; Gcr - safety 

hook weight, in N; GE - E-169 device weight, in N; 

Gsg - slide carriage weight, in N; Gic - skip load 

weight, in N; lcm - maximum cable length, from the 

pulley to E-169, in m. 

Determination of the tower strain vertically and 

horizontally, statically and dynamically, in N, is 

influenced by the dynamic coefficient of the winding 

installation, which is equal to 1.6. 
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Case I: Determination of the stresses in the case of launching the mobile bridge: 

                                                           (7) 

                                                             (8) 

                                                        (9) 

                                                            (10) 

 

Case II: Determination of the stresses in the case of vertical transport of material: 

                                                          (11) 

                                                            (12) 

                                                      (13) 

                                                             (14) 

 

3. Verification of the tower 

 

For the winding installation equipped with skip, 

the height of the winding tower, HT, in m, from the 

ground to the upper platform on which the winding 

pulley is extracted, is calculated by the formula: 

 

  , in m         (15) 

 

where: hr represents the positioning height of the skip 

discharge ramp and material loading, in m. The 

material is loaded in vehicles by means of a loading 

chute, so that hr = 8 m is adopted [3]; hc - skip height 

together with the safety hook, the cable connecting 

device (to the upper clamp) and the skip guiding 

device, in m. Summing up the dimensions of the 

elements mentioned, hc = 5.550 m results [4]; hs - 

safety space in case the skip is over lifted, as a result 

of a handling error, in m, which is adopted at the 

value hs = 1.45 m, imposed by the labour safety 

regulations, specific to  small speed values; DM - 

diameter of the winding pulley, in m, DM = 2000 mm. 

Fig. 2 shows the constructive dimensions and 

critical sections of the tower [2]. 

 

 
 

Fig. 2. Constructive dimensions of the tower 
 

Establishing the geometrical characteristics of the 

critical transoms of the tower and the results of the 

modelling and simulation in specialised software are 

succinctly presented in Fig. 3-7. 
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Thus in Fig. 3 section A-A through the lower 

transom of the tower is presented, for which the 

following geometrical characteristics have been 

established: 

- Inertia moment for axis X-X, in mm4 is 

213611970443.74; 

- Inertia moment for axis Y-Y, in mm4 is 

213531375516.67; 

- Section area, in mm2 is 37800.35; 

- Maximum distance, in mm is 2500; 

- Resistance module, in mm3  

 and  . 

 

 
 

Fig. 3. Geometrical characteristics of section A-A through the lower transom of the tower 

 

Fig. 4 shows section B-B through the lower 

transom of the tower. 

In Fig. 4 A-A through the lower transom of the 

tower, for which the following geometric 

characteristics have been established: 

- Inertia moment for axis X-X, in mm4 equal to 

267807002222.8; 

- Inertia moment for axis Y-Y, in mm4 equal to 

267674515148.12; 

- Section area, in mm2 equal to 55610.95; 

- Maximum, in mm equal to 2500; 

- Resistance module, in mm3 

 and . 

 

 
 

Fig. 4. Geometrical characteristics of section B-B through the lower transom of the tower 
 

In Fig. 5 section C-C is presented through the 

joining area of the lower transom with the 

intermediary transom of the tower, for which the 

following geometric characteristics have been 

established: 

- Inertia moment for axis X-X, in mm4 equal to 

310565505011.8; 
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- Inertia moment for axis Y-Y, in mm4 equal to 

310565310834.47; 

- Section area, in mm2 equal to 60352.53; 

- Maximum distance, in mm equal to 2566; 

- Resistance module, in mm3  

and . 

 

 
 

Fig. 5. Characteristics of section C-C by joining lower and intermediate transoms of the tower 
 

Fig. 6 shows sections D-D and E-E by the 

intermediary transom of the tower, for which the 

following geometric characteristics have been 

established: 

Geometric characteristics at section D-D: 

- Inertia moment for axis X-X, in mm4 equal to 

241920563998.18; 

- Inertia moment for axis Y-Y, in mm4 equal to 

241921289707.71; 

- Section area, in mm2 equal to 43825.13; 

- Maximum distance, in mm equal to 2500; 

- Resistance module in mm3 

and . 

 

 
 

Fig. 6. Geometric characteristics of sections D-D and E-E through intermediary transom of the tower 
 

Geometric characteristics at section E-E: 

- Inertia moment for axis X-X, in mm4 equal to 

195073488284.02; 

- Inertia moment for axis Y-Y, in mm4 equal to 

195069158856.77; 

- Section area, in mm2 equal to 43825.15; 

- Maximum distance, in mm equal to 2500; 

- Resistance module, in mm3 

 and . 

Fig. 7 presents section F-F through the upper 

platform of the tower, for which the following 

geometric characteristics have been established: 
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- Inertia moment for axis X-X, in mm4 equl to 

139159414.63; 

- Inertia moment for axis Y-Y,in mm4 equal to 

120254491995.14; 

- Section area, in mm2 equal to 50707.8; 

- Maximum distance, in mm equal to 128.39; 

- Resistance module, in mm3  

and . 

 

 
 

Fig. 7. Geometric characteristics of section F-F through the upper platform of the tower 
 

By all the simulations and from the above 

mentioned succinctly presented facts, it was pointed 

out that the maximum values calculated and those 

resulted from simulations fall into the value range 

prescribed by the standards and norms in force in the 

moment of construction and exploitation of the 

winding machines. 

 

4. Conclusions 
 

The metal structure of the winding tower is 

modelled as a plane framework, which represent a 

simple undetermined static system, loaded with 

technological forces that occur in the winding cable 

and with mass forces given by the weight of the 

tower. 

Maximum technological forces, applied in the 

symmetry centre of the winding pulley are calculated 

for two situations, a first case, for the rock transport 

by skip, and the second, to launch the mobile working 

bridge or take it out. Considering the importance of 

the installation, the safety norms impose a safety 

coefficient of more than 3, especially that people are 

also transported, so that the calculations adopt a 

dynamic coefficient of 1,6 by which the module of 

the technological forces used in the calculation of the 

metal structure is multiplied. 

Thus, for the verification calculation of the 

winding tower, the components of the technological 

forces applied in the centre of the pulley are Fx = 

19410 N and Fz = 59960 N, for the case of the 

transport of the material by skip and Fx = 52220 N 

and Fz = 161300 N, for the launching of the mobile 

working bridge or taking it out. 

The tower weight is defined by the vector 

oriented according to axis z, having the module as 

sum of component elements weights, and the point of 

application calculated function of the weight centres 

of the component’s elements. 

Maximum tensions in the resistance structure of 

the tower occur in the area of the upper platform, this 

being demonstrated by the application of the methods 

of study of the stresses and deformations with the 

help of finite elements as well as, by using Cosmos 

Design Star and Abaqus utilities. 
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ABSTRACT 
 

For any industrial entity put into operation, it is of interest to its ability to 

fulfil its mission under certain conditions, at a given time or during a given period 

of time, assuming that the means of maintenance are provided. This represents 

availability and is a complex form of system / product quality, as it includes both 

reliability and maintainability. Availability can be increased by: maximum 

reliability, maintenance, respectively by maximum maintainability, correct use of 

equipment / machines, renewal, optimization of reliability and maintainability 

characteristics, but provided that such balancing does not lead to contradictory 

solutions. The availability of a product will be higher the more reliable it is and 

requires less maintenance. It should be borne in mind that in order to ensure a 

certain level of reliability, maintenance costs must not exceed 10...20% of the 

purchase price of the product each year [1]. Restoration of reliability to a normal 

level is achieved through corrective or preventive maintenance. In practice, a 

compromise is sought between the purchase price, the service imposed and the 

accepted risk, as in order to achieve availability through reliability, very reliable 

parts must be used, which cost 5-10 times more than usual [2]. Maintenance-based 

availability results from the consideration that reliability is a probability of trouble-

free operation over a period of time. Reliability is technically and financially 

limited. Defects in the initial period of operation of the product, as well as those in 

the final period derive from inevitable physical phenomena, and defects in the 

maturity period have a normal accidental character. In addition, the reliability can 

deteriorate over time even during storage, thus causing additional damage. 

Reliability is restored to its normal level through corrective or preventive 

maintenance, as failures are foreseeable or unpredictable. Product availability is 

the result of a combination of reliability and maintainability and they support each 

other. Increasing the maintainability of products leads to increased availability. In 

this case, the real maintainability of a burning oven of a cement factory was 

studied, with the aim of finding practical solutions to increase the service life. 

Achieving the proposed objective required monitoring the operation / failure of 

such equipment for nine months and statistical processing of the information 

obtained. 

 
KEYWORDS: cement factory, burning oven, maintainability 

 

1. Introduction 
 

This introduction has the role of showing the 

place and importance of burning ovens in the 

technological flow of obtaining cement. Cement is a 

fine, grey powder, obtained by grinding clinker, 

gypsum, as well as additives (slag, limestone, etc.), 

judiciously dosed. Mixed with a limited amount of 

water, the cement sets and hardens, giving durability 

to the concrete or mortar in which it is incorporated. 

The manufacturing industry has a major role, being 

inconceivable the development and modernization of 

human society without the widespread use of cement. 

Cement production begins in quarries, with the 

excavation of limestone and clay. They are crushed 

and then transported to the factory, by conveyor belt 

systems and/or by rail. Limestone and clay are finely 

ground together with other materials that bring iron 

and/or silicon, each of the components being carefully 
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dosed and analysed to comply with the flour 

preparation recipe, which is placed in the oven to 

obtain the clinker. Raw flour, heated in a rotary kiln 

to a temperature of up to 1,450 °C [3], is transformed 

by sudden cooling into a new, crystalline, granular-

looking material called clinker, which is an 

intermediate - but essential - product in the 

manufacture of cement. After grinding the clinker, 

together with well-controlled dosages of gypsum and 

manufacturing additives (slag, limestone, etc.) at a 

particularly high fineness, the final product is 

obtained – cement. On the other hand, the 

appreciation of the production of cement factories is 

made according to the capacity offered by the burning 

oven (clinker). Therefore, any research on them is 

adequate. 

 

 
 

Fig. 1. Maintenance times 

 

2. Recording and processing of 

experimental data 

 

Determining the maintainability of burning 

ovens requires monitoring the operation of these 

equipment for as long as possible and recording the 

downtime due only to the repair of defects. Logistic 

delay times and administrative delay times are taken 

into account in the calculation of maintainability, 

because the real determination of maintainability was 

wanted. In this case, the follow-up was done daily for 

nine months, according to the recommendations from 

[1]. The purpose of this action is to determine the 

mathematical expression of the maintainability of the 

oven so that at any time of the repair - other than the 

recorded values - the probability of restoring the 

machine is known. This requires the use of laws and 

techniques for processing mathematical statistics. 

Following the application of statistical knowledge, 

the law of distribution of maintainability is 

determined, with a certain probability. 

The processing of the experimental data was 

done with the Weibull ++ 9 software of the Reliasoft 

company [4]. The  

maintenance times, introduced in the program, 

are shown in figure 1. The software used shows that 

the distribution law of maintenance times M(t) is 

Weibull (Figure 2), whose mathematical expression is 

[5]: 

 

( )

β

η

γt

etM







 −
−

−=1                      (1) 

 

in which t[Hr] is the repair time. 
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Starting from the idea that the rate of falls is 

time-dependent (which largely agrees with the 

development of a wide range of phenomena), Weibull 

proposes for this indicator the following function: 

 

( )
1−








 −
=

β

η

γt

η

β
tz                   (2) 

 

The three parameters of the Weibull distribution, 

results from Figure 1 are: the shape parameter 

(dispersion, slope) β = 0.646; the scale parameter η = 

1,655 hours and the position parameter (initialization) 

γ = 2,299 hours. 

In the case of the Weibull distribution, the 

average repair time of the MTR has the expression: 

 









+= 1
1

β
ηMTR                      (3) 

in which Γ is the Eulerian integral (Gamma function) 

which has the expression: 

 




−−=

0

1 dtet)p( tpΓ                    (4) 

 

where p > 0 is a real parameter. In this case MTR  η 

= 1,655 hours. 

The Allan Plait diagram (Figure 2), whose 

coordinate axes are double - logarithmic, is used to 

certify the Weibull distribution law and to determine 

the parameters of this law. 

The concavity to the right of the initial curve 

shows that the studied equipment is repaired most 

often after accidental falls, a fact that will be seen 

from Figure 3. 

 

 
 

Fig. 2. Allan Plait diagram 

 

3. Interpretation of the obtained results 

 

The specialized literature offers few rules for 

interpreting the values of the statistical parameters of 

the distribution laws; that is why experience in the 

field has a major role [6-8]. 

The graphical representation, in cartesian 

coordinates, of the expression (1) is shown in Figure 

3. 

Figure 3 shows that from the moment t = 0 of 

the fall to t = γ = 2,299 hours the maintainability is 

zero i.e., in this time the probability of restoring the 

defective oven is zero. The reasons for the delay are 

related to the fact that the stops are usually accidental, 
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in which case it is not possible to anticipate the 

necessary personnel for the intervention, the volume 

of materials, spare parts and the duration of the repair. 

Only after 2,299 hours the chances of repair begin to 

increase, reaching after about 16 hours that the 

probability of repairing the furnaces (maintainability) 

becomes maximum i.e., 1. 

 

 
 

Fig. 3. Maintainability versus time 

 

Although after 16 hours the probability of 

recovery is maximum, that time should not be 

considered as a minimum that can be exceeded no 

matter how much that in any case the maintainability 

does not decrease. Looking at figure 4 of the variation 

of the restoration rate over time, it is found that it 

decreases suddenly at a certain moment, which shows 

that although the possibility of repair is maximum, it 

is not done for various reasons that involve some very 

serious analyses. 

The parameter β = 0.646 <1, shows that the 

oven faults start before it is put into operation, which 

shows that its repairs are done improperly, which 

must also be analysed very well. 

In statistics, the maximum verisimilitude 

function or the Likelihood function is used to 

determine the parameters of distribution laws. The 

method of maximum verisimilitude [5] proposes, for 

the case studied in the paper, the consideration of a 

sample that contains the values t1, t2, …, t9 of the 

random variable “repair time”. The probability 

density f (ti, β, η, γ), i = 1,2, …, 9 is known, of the 

variable “repair time”, in which β, η and γ are the 

parameters of the Weibull distribution law: 
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The Likelihood function is: 

 

( )
=

=
9

1i

i γ,η,β,tLk f                  (6) 

 

The values of the parameters β, η and γ are 

determined from the condition that the probability 

function Lk has the maximum value i.e., the point 

estimators of the parameters β, η and γ are obtained 

from the solutions of the equations: 
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However, since the maximum of Lk occurs 

together with the maximum of the function lnLk, the 

values of the parameters β, η and γ are more easily 

determined from the equations: 
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Equations (8) are called Likelihood equations, 

and the solutions of the system of equations (8) are 

called maximum Likelihood estimates or maximum 

probability indicators. 

 
 

Fig. 4. Restoration rate versus time 

 

 
 

Fig. 5. Likelihood function of maximum 

verisimilitude 

 

The problem can be asked the other way around: 

having the parameters β, η and γ you can calculate the 

Likelihood function and see if it is maximum (100%) 

or not. Figure 5 shows that the values β = 0.646 and η 

= 1,655 hours for γ = 2,299 hours, are the most likely. 

 

4. Conclusion and proposals to reduce 

maintenance demands 
 

In conclusion, drastic measures are required to 

reduce downtime for maintenance, especially those 

where maintenance is zero. From a mathematical 

point of view, it is necessary that the position 

parameter γ be as small as possible, if possible zero. 

This means knowing very well the defects that may 

occur, own maintenance personnel (not works in the 

company) who immediately notice the defect and 

start repairing it with logistical means prepared in 

advance. Ideally, γ < 0 i.e., the defect should be found 
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before it occurs. This is possible if a coherent system 

of predictive maintenance i.e., technical diagnosis, is 

adopted. The introduction of predictive maintenance 

involves funds allocated for the purchase of specific 

equipment and last but not least the training of 

maintenance personnel. 

The mean time to repair is MTR = 1,655 hours, 

lower than any of the values of the parking times 

shown in Figure 1. This means that the analysed 

equipment stops for corrective maintenance, a 

situation in which the logistic support and the 

qualified personnel for repair are obtained relatively 

slowly, not being able to anticipate their size. Here is 

another reason to introduce predictive maintenance. 

Another superior solution for reducing falls is 

the introduction of a proactive maintenance system. 

Proactive maintenance is aimed at reducing 

maintenance demands and maximizing equipment life 

by systematically eliminating the causes of failures 

[9]. 

Within the strategy, several priority objectives 

can be identified for furnace manufacturers and their 

users: 

- Increasing production capacity by eliminating 

oven falls; permanent knowledge of the 

condition of the equipment so as to realistically 

evaluate the production capacity of the 

installation; 

- Significant reduction of maintenance costs; 

anticipating and planning maintenance needs; 

- Increasing the quality of production and 

reducing scrap; 

- Reducing energy consumption through 

efficient operation of ovens; 

- Reducing the need for spare parts; 

- Increasing the safety of the ovens, which leads 

to the elimination of human accidents and 

material damage; 

- Improving environmental conditions; 

- Extending the life cycle of the ovens by 

eliminating the causes that generated the failure 

mode; 

- Creating a maintenance-production-design 

team to ensure maximum capacity; 

- Improving profit. 

Within these objectives, preventive, predictive 

and proactive technologies act both independently 

and in conjunction. 

Proactive maintenance or maintenance based on 

determining the root causes of failures uses advanced 

technologies to prevent the recurrence of failures. 

Repetitive faults are identified and eliminated by 

changing the designed parameters and operating 

conditions. 

Valorisation of performance is used to ensure 

that the new or repaired oven will operate without 

malfunctions. It is based on the acceptability 

standards imposed by the equipment suppliers and on 

the verification of the fulfilment of the requirements 

of these standards. 

The installation and operation of the ovens must 

be carried out in accordance with the accuracy 

required by the standards (especially for alignments, 

balancing), which leads to the extension of the life of 

the equipment. 

Factors that shorten the life of furnaces are 

identified and significantly reduced by analysing the 

root causes of failures. If certain machine parts break 

down with a certain regularity, this fact, although it is 

accepted as a normality, constitutes the symptoms of 

much more serious problems. Traditional 

maintenance solves only the symptoms of problems 

and accepts frequent repairs as normal. 

Root cause analysis is based on a set of 

analytical and engineering procedures for identifying 

and correcting developmental problems. The 

application of such a program leads to remarkable 

savings and a significant reduction in the failure of 

the burning ovens of cement plants. As a result of 

various technologies, it is necessary to redesign, 

modify and improve existing components or to 

provide new components. The proactive maintenance 

aims to determine and analyse the failure rate of the 

critical components of the furnace and on this basis 

the adaptation of components with better reliability or 

redundant elements. Industrial practice shows that 

elements with high reliability are the best solution. 

The implementation of the program requires a 

balanced strategy between preventive, predictive and 

proactive maintenance. Within this strategy, 

predictive maintenance is the point of equilibrium. 

Knowing the condition of the equipment offered by 

preventive maintenance, the components are selected 

that are treated preventively and proactively, 

respectively, taking into account technical and 

economic criteria. Usually, the programs start on a 

small scale, and after the first successes, after 6-12 

months the program is extended. 

The program will include three stages of 

implementation: 

- initiation, training, primary results; 

- extension of preventive maintenance and 

introduction of proactive maintenance; 

- mature proactive maintenance program. 

Usually, the first stage the program is 

considered as an attempt to introduce new concepts. 

This stage is recommended primarily for equipment 

that benefits from corrective maintenance (as is the 

case of the studied oven) or where preventive 

maintenance is incipient. At this stage, the 

organizational structure of the maintenance 

department changes by the emergence of two new 

groups: the planning team and the reliability 

improvement team. The duties of the first group must 
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include: coordination of all preventive activities, 

including technical diagnosis actions; coordination of 

maintenance activities with production, in order to 

obtain the least possible impact on availability; 

coordination of predictive and proactive activities; 

planning of maintenance works including procedures, 

tools, spare parts, inspections, calibrations; tracking 

work orders and costs; updating the equipment 

history files; evaluation of the trend of the life cycle 

of the equipment that need improvements; spare parts 

inventory. 

The team of improving the reliability is initially 

oriented towards the implementation of the 

preventive maintenance of the furnace and the 

guidance towards the proactive maintenance. The 

team consists of one or two specialists in vibration 

analysis, a specialist in thermography and a specialist 

in lubricant analysis. The group's responsibilities 

include: involvement in the direct operation of the 

furnace and the application of predictive maintenance 

technologies; providing data on the condition of the 

furnace to the planning team in order to eliminate 

unplanned shutdowns; implementation of proactive 

technologies and respective methods, with 

identification of repetitive problems; performance 

monitoring, availability analysis, maintenance costs, 

quality; identification of schooling needs; 

identification of parts that need redesign in order to 

improve reliability. 

In the second stage of implementation i.e., the 

second and third year of the program, several 

maintenance technologies are added. These 

technologies include precision alignment, balancing 

and analysis of the causes of failures. At this stage the 

attitude of production towards maintenance will 

change. Management will eliminate production 

interruptions, and the attitude of employees will be 

oriented towards preventing and eliminating the 

causes of failures. 

The last stage of program implementation is 

materialized in the total change of attitude towards 

the maintenance department. The stage is 

materialized by an aggressive strategy of eliminating 

production interruptions and increasing the quality of 

the product (clinker) by maintaining the performance 

of the oven in the parameters. 

This concept of maintenance based on reliability 

represents a progress in the development of the 

maintenance activity, of tightening the links between 

maintenance and production, the latter being 

interested in improving the quality and increasing the 

productivity. 
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ABSTRACT 
 

The article focuses on the evaluation of PM2.5 and PM10, pollutants resulting 

from the metallurgical industry in Romania. The analysed period is 2008-2018 and 

the dataset was provided by the National Institute of Statistics. The purpose of this 

paper is to examine the impact of final energy consumption in the metallurgical 

industry on PM10 and PM2.5 emissions. We included in the study three fundamental 

factors: the final energy consumption in the metallurgical industry and the 

particulate matter (PM10 and PM2.5). The average of PM10 for reference period is 

4026 Tone (Mg) while for the PM2.5 the average is 3645 Tone (Mg). The trend of 

final energy consumption in the metallurgical industry is identical to the trend of 

PM2.5 and PM10, which indicates that this factor has a major influence on the 

amount of PM2.5 and PM10 emissions. PM2.5 and PM10 emission factors represent 

primary emissions from the metallurgical industry activities and do not consider the 

formation of secondary aerosol from chemical reaction in the environment 

afterwards the discharge. 

 
KEYWORDS: PM10, PM2.5, energy consumption, metallurgical industry 

 

1. Introduction 
 

Air pollution is presently the most critical 

environmental threat to human health, and it is 

considered as the second major environmental 

concern for Europe, following climate change [1]. 

More than that the air quality has an essential impact 

on human health and aquatic and terrestrial 

ecosystems. 

In the last decades constant concentrations of 

dust particles with aerodynamic diameters ≥ 10 μm 

(PM10) and fine particulate matter < 2.5μm (PM2.5) 

have been an important issue for air in terms of 

achieving the limits of pollution and the relevant 

related health hazards. According to European 

Environment Agency (EEA) among 2006 and 2016, 

the exposure of citizens to concentrations of PM2.5 

above the EU limit was diminished from 16% to 5%, 

while the PM10 concentrations has decreased from 

32% to 13% over the period 2000-2016 [2]. 

Efficient measures to decrease air pollution and 

its effects demand a proper comprehension of its 

sources, transport and circumstances of different 

transformation in the atmosphere, the chemical 

composition alterations during a certain period and 

the effect of pollutants on population, flora and fauna 

and afterwards the impact on community and on 

economy [3, 4]. 

Low incomes population is living in major area 

of Europe, more frequently those who reside close to 

busy streets or industrial zones consequently confront 

larger vulnerability to air pollution. Energy neediness 

is further predominant in southern and central-eastern 

Europe and it is a major factor of the burning of low-

quality solid fuels, such as charcoal and wood, in 

low-efficiency furnaces for domestic heating [5]. This 

causes significant vulnerability of the poor 

inhabitants to particulate matter (PM) and polycyclic 

aromatic hydrocarbons (PAHs), either inside and 

outside [6]. 

As stated by EEA the dominant sectors 

contributing to pollution of atmosphere in Europe are: 

transport (road and non-road); housing, commercial 

and institutional; energy providers; production and 

mining industry; agriculture; and waste management 

[7, 8]. 

The metallurgical operations require melting 

techniques, improvement of alloys and casting in 

various forms contingent on the demand. 

Fundamentally, extraction of the metal and 
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subsequent operations generates a contamination of 

the natural environment especially alterations in 

ecosystems [9, 10]. 

Starting with 1992, it was introduced the 

European Monitoring and Evaluation Programme 

EMEP/EEA air pollutant emission inventory 

guidebook, with the purpose to monitor and assess the 

long-range transportation of air pollutants. Air 

Emission Accounts (AEA) are secondary accounts in 

the European System of Accounts (ESA) providing 

information on the link between the environment and 

the economy. The National Institute of Statistics of 

Romania has applied the procedure of Air Emission 

Accounts (AEA) developed by Eurostat and data have 

been stated starting with 2008, in compliance with the 

demands and the reporting pattern - split by section of 

economic activities and households [11]. 

The aim of this paper was to analyse the impact 

of PM2.5 and PM10 resulted from metallurgical 

industry between 2008 and 2018 in Romania and also 

to observe the trend of pollution depending on final 

energy consumption and final heat consumption. This 

analysis is useful over a decade, especially as PM2.5 

and PM10 have a significant share in pollution at the 

national level. 
 

2. Materials and methods 
 

The database used in this paper assesses the 

period 2008-2018 and it was collected by Romanian 

National Institute of Statistics according to the 

methodology of Air Emission Accounts (AEA) 

developed by Eurostat. National inventories include 

calculations for the calendar year within which the 

emissions to the atmosphere are generated. If suitable 

data are absent, emissions may be approximate using 

data from other years and applying adequate methods 

in particular averaging, interpolation and 

extrapolation. 

According to European methodology air 

emissions at the level of national economies are 

estimated. The main idea is to assess air emissions, 

applying distinct emission factors technology, which 

are increased by a certain variable activity (e.g., use 

of a type of fuel). A general emission model can be 

expressed as: 
 

E pollutant = AD production x EF pollutant   (1) 
 

where: E = Emissions; AD = Activity Data; EF = 

Emission Factor. 

The air emissions included in the analysis refer 

to those physical flows of gaseous materials or 

suspended particles that originate in the economic 

system (production or consumption processes) and 

that are released into the atmosphere and remain 

suspended in the air for a substantial period of time. 

Most of these residues are in the gaseous state, others 

in a solid state remain effectively suspended in the 

atmosphere for a long time, respectively the 

suspended particles (PM2.5 and PM10) and heavy 

metals. 

Air emissions accounts provide a close 

framework for national accounts and a general image 

of air emissions of the national economy and 

household consumption. In accordance with the data 

collected, diverse technical measures can be adopted 

to protect the environment, prevent, reduce and 

eliminate emissions of air pollutants, that directly 

damage health of citizen and the environment. 

Industrial operations are commonly facile to 

identify considering the fact that the company 

frequently must report these data to pollution control 

authorities. The industry classification is connected 

with the reporting company within a business register 

number. 

Evaluations of emissions of particulate matter 

from metallurgical industry may use techniques that 

provide filterable, condensable or total particulate 

matter (PM). Several factors bias the measurement 

and calculation of primary PM emissions from 

activities like iron and steel manufacture. The amount 

of PM obtained in an emission measuring relates to a 

substantial proportion on the measurement regime. 

This is especially true for activities including upper 

temperature and semi-volatile emission elements – 

therefore the PM emission may be divided amongst a 

solid/aerosol stage and material that is gaseous at the 

analysing area, but that may condense in the 

atmosphere. The percentage of filterable and 

condensable element will change, determined by the 

temperature of the flue gases and in sampling device. 

A mixture of filterable PM determination techniques 

is used generally with 70-160 °C filter temperatures. 

Condensable portions can be obtained outright 

by recovering condensed constituent from chilled 

impinger schemes downstream of a filter. A regular 

method for total PM includes dilution where sampled 

flue or exhaust gases are combined with ambient air 

(likewise using a dilution sampling procedure) which 

accumulates the filterable and condensable 

constituents on a filter at low temperatures (15-52 °C) 

[12]. 

Emissions used in this paper consist in PM2.5 

and PM10 dataset collected for a period of 11 years. 

To these emissions were added final energy 

consumption, final electricity consumption and final 

heat consumption for the same reporting period 2008-

2018. 
 

3. Results and discussions 
 

In order to evaluate the percentage wherewith 

the PM2.5 and PM10 is accountable for metallurgical 
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industry from national emissions we calculated the 

percentage for each pollutant. In Figure 1 we 

compared the percentage of PM2.5 and PM10 between 

2008-2018. It is obvious that these pollutants make a 

significant contribution to the total amount of 

emissions into the atmosphere. 

 

 
 

Fig. 1. Percentage of PM2.5 and PM10 resulted from metallurgical industry 

 

According to the analysed data, it cannot be 

stated that there is a clear, increasing or decreasing 

trend of pollutants. From the PM10 analysis it is 

obvious that the percentage with which it contributes 

to the pollution in the metallurgical industry varies 

from 5.74% in 2012 to 10.44% in 2008. In the case of 

PM2.5 the percentages are much higher, starting from 

20.35% in 2008 and the lowest being 13.78 in 2012. 

For both PM10 and PM2.5 it can be affirmed that 2008 

is the year in which the highest percentage of 

contribution of pollutants in the metallurgical 

industry was obtained, and 2012 is the year with the 

lowest percentage. 

 

 
 

Fig. 2. Particulate matter vs. Final energy consumption in metallurgical industry between 2000 – 

2018 in Romania 
 

In most EU countries the metallurgical industry 

and industry of supplying electricity is among the 

largest contributors of greenhouse gas emissions. It is 

extremely interesting to identify which pollutant or 
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industry is contributing greater proportion to national 

totals and when. The energy consumption is a 

significant parameter that indicates the amount of 

fuel/energy, implicitly the intensity of the production 

process in the metallurgical industry. 

By overlapping the final energy consumption in 

the metallurgical industry over the PM10 and PM2.5 it 

is clear that the three elements analysed have the 

same trend, which leads to the conclusion that there is 

a significant correlation between these factors. 

Between 2008-2009 there is an obvious decrease 

in both final energy consumption in the metallurgical 

industry and PM10 and PM2.5, and in the following 

years the trend remains relatively constant with small 

increases between 2010-2011 and 2015-2016. 

The final energy consumption in the 

metallurgical industry has two major components: 

final electricity consumption and final heat 

consumption. The final electricity consumption varies 

from 7826 million of kilowatt- hours in 2008 to 5899 

million of kilowatt- hours in 2018. The differences 

between final energy consumption from the analysed 

period are not too large, the trend remaining more or 

less constant in the 11 years. 

 

 
 

Fig. 3. The final electricity consumption in metallurgical industry between 2000-2018 in Romania 

 

The final heat consumption is the second type of 

energy analysed. The quantities of final heat 

consumption in the metallurgical industry in the 11 

years analysed vary from 6 thousand of giga calories 

in 2008 to 10 thousand of giga calories in 2018. 

In contrast to the final electricity consumption 

the trend is not a constant one but there is a sudden 

increase up to 131 thousand of giga calories in 2011 

the trend is not a constant one but there is an 

unexpected increase up to 131 and a significant 

decrease from 59 to 15 thousand of giga calories in 

the period 2014-2015. 

 

 
 

Fig. 4. The final heat consumption in metallurgical industry between 2000 – 2018 in Romania 
 

4. Conclusions 
 

The metallurgical industry is a considerably 

material and energy - intensive sector. Exceeding half 

of the mass input turns into outputs through released 

gases and solid wastes or derivates. The emissions of 

PM10 and PM2.5 dominate the general emissions for 

most of the sectors. The role of this sector to the total 

emissions to air in Romania is significant for a 

considerable number of pollutants. 

In the present paper we calculated the 

percentage of PM2.5 and PM10 resulted from 

metallurgical industry for period 2008-2018 from 

Romania. For PM2.5 these percentages vary 

approximative 15-20%, while the percentages for 

PM10 ranged between 5-10%. The final energy 

consumption in metallurgical industry was analysed 
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together with PM2.5 and PM10 and it is obvious that in 

the analysed period these factors are very well 

connected. 

The contribution of this article to the specialized 

literature consists in the analysis for a period of 

eleven years at national level of particulate matter 

emissions as well as of final energy consumption. 

The periodical pollution assessment is crucial 

for establishing environmental priorities and 

determining the activities accountable for the various 

issues, the estimation of the environmental costs and 

benefits of distinct strategies and more than that to 

monitor the status of the environment conditions and 

to check if objectives are being accomplished. 
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ABSTRACT 
 

A review is made of the growth dynamics of metal radioactive waste on a 

world scale. The most commonly applied technologies (hydro- and 

pyrometallurgical) for deactivation of this waste are presented. 

The implementation of the blocks obtained by remelting for the manufacture 

of fasteners of nuclear reactors is demonstrated. Based on the conducted 

experiments and drawn conclusions, the inference is made that the 

pyrometallurgical methods of processing have greater advantages. 

The paper exhibits a convincing motivation for the essential necessity of 

investigation of the metal radioactive waste processing, following the system D&D 

(deconstruction + deactivation), using effective and environmentally friendly 

technology. 

 
KEYWORDS: nuclear reactor, radioactive waste, decontamination 

technologies, metallurgy under pressure 

 

1. Introduction 
 

Nuclear energy programs are being realized in 

more than 40 countries worldwide. According to 

summarized data of the International Atomic Energy 

Agency (IAEA) the number of the operating power 

units in 2016 was 443 and other 61 were under 

construction. There are also others at the “design” 

stage. The plants under operation with a nuclear-

thermal cycle (NTC) are 123, including 56 for 

uranium ore processing, 17 for uranium isotope 

separation, 50 for nuclear fuel production and spent 

nuclear fuel processing. About 30 NTC plants are 

either under construction or under design. The old 

installations with exhausted service life are 66 and 

they have to be decommissioned. In some countries 

there are reactors for weapon-grade plutonium 

production (14 such reactors in the USSR in 1987). In 

addition, 58 countries possess over 320 nuclear 

research facilities. Taking into account also 458 

submarine atomic reactors, 29 reactors of military 

ships and 16 icebreaker reactors, the number of 

nuclear power facilities in operation exceeds 1400. 

World nuclear power generation at the beginning of 

the XXI century has entered such a phase of its 

development, when the problems related to the 

exhausted service life and decommissioning of the 

nuclear energy facilities built in the 60s, 70s and 

some in the 80s of the XX century, have become 

especially topical [1]. 

It is obviously that the 21st century is 

characterized by the exhausted resource of a great 

number of reactors: about 50 in the USA, 14 in Great 

Britain, over 20 in the Russian Federation. A number 

of reactors have to be decommissioned in Eastern 

Europe [2]. 

Large amounts of metal waste are generated 

during the process of nuclear installation 

decommissioning, which have to be treated in an 

appropriate manner by the D&D (dismantling and 

decontamination) system. It is estimated that as of the 

present moment about 15·106 t of radioactive waste of 

different origin are accumulated in the world [3]. 

The main problem to be solved during utilizing 

metal wastes from nuclear power plants is to reduce 

the level of their radioactivity for the purpose of 

further application. In case this is not possible, the 

waste should be compacted in order to use less space 

for its disposal. This is achieved mechanically or by 

melting the waste and pouring the liquid metal in 

moulds of suitable volume and shape. In this way the 

volume of the metal sent for disposal can be reduced 

up to 20 times [4]. 

Up to 95% of the radioactivity of metal waste 

obtained during dismantling NPP equipment is 
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determined by the isotopes of Cs137 and cobalt60 [5]. 

In the process of metal melting the basic 

radionuclides with longer half-decay period (cesium, 

strontium, uranium, plutonium) are transferred in the 

slag and dust, captured in the filters, while in the 

metal remains mainly the isotope of cobalt60 (with a 

half-decay period of 5,3 years), which is distributed 

homogeneously in the ingot. This reduces 

significantly the storage time. 

Depending on the residual contamination of the 

metal after crystallization, the blocks can be used in 

industry without restrictions or can be with limited 

utilization: 

• Use for manufacturing facilities in nuclear 

industry as protective shields, radioactive waste 

(RAW) containers, parts for reactors and other 

equipment, etc. 

• Storage in special repositories till the final 

decomposition of the radionuclides contained in 

them. 

The metal blocks intended for unrestricted use in 

industry are ecologically safe for any kind of further 

processing. In addition, due to the deep purification 

of the metal and removal of the heavy nuclides such 

as cesium, strontium, uranium and plutonium, the 

necessary time for storage of the heavily 

contaminated blocks is sharply reduced till the decay 

of the remaining radionuclides in them (mainly Co60). 

The present work considers the research and 

comparison of the different decontamination 

technologies and offers the most effective one for 

metal radioactive waste (MRAW). 

 

2. Technologies for MRAW 

decontamination 
 

There are different methods for MRAW 

decontamination – hydrometallurgical, chemical, 

electrochemical, mechanical, pyrometallurgical, etc. 

The following criteria should be taken under 

consideration when selecting a specific technology: 

• Safety: The implementation of the method 

should not lead to higher radiation; 

• Effectiveness: The selected method should 

be able to remove radioactivity to the level that would 

allow manual treatment of the products for 

deactivation without the use of robots or recycling 

(reuse of materials) or at least their transfer to a lower 

category of contamination; 

• Cost efficiency: Although in the case of 

deactivation of large amounts of radioactively 

contaminated metals the price is not of primary 

importance, the ratio between deactivation 

costs/revenues from scrap sales should also be taken 

into account; 

• Minimization of wastes: The 

decontamination method must not result in producing 

large amounts of secondary radioactive waste. 

 

2.1. Hydrometallurgical technologies 
 

Hydrometallurgical technologies use the 

regularities of the chemical interactions between 

MRAW coatings and different types of solutions. In 

electrochemical processes the chemical interaction is 

accompanied by the action of an electric field. 

The main advantages of chemical and 

electrochemical decontamination are: 

• The processes are relatively elementary and 

are easy for control and operation; 

• With the correct choice of chemicals almost all 

radionuclides can be removed from the surface of the 

treated element; 

• Radioactivity can be removed from internal 

and hidden surfaces; 

• Compared to the volume of liquids needed for 

chemical decontamination, the volumes of 

electrolytes for electrochemical deactivation are 

relatively low. 

The chemical and electrochemical processes of 

decontamination have also certain disadvantages: 

• Generation of relatively large amounts of 

liquid secondary waste (spent solutions), which have 

to be annihilated or deposited; 

• Chemical decontamination is usually 

inefficient for treatment of porous surfaces; 

• These methods are restricted in operation by 

the bath size and the geometry of treated surfaces. 

A team with the participation of scientists and 

specialists from the Institute of Metal Science, 

Equipment and Technologies with a Center for 

Hydro- and Aerodynamics “Acad. A. Balevski” 

(IMSETCHA) of the Bulgarian Academy of Sciences 

has developed a project of an installation for surface 

decontamination of MRAW using hydrometallurgical 

methods; 

The applied technology is a combination of 

physical, chemical and electrochemical 

decontamination methods. The deactivation is carried 

out in different modules – baths for alkaline, acidic 

and electrochemical decontamination. The spent 

solutions are neutralized, the radioactive sludge is 

compacted and the water is sent for treatment as low-

level radioactive waste. 

The main facilities used for implementing the 

technology are “Module for jet alkaline degreasing”, 

“Module for jet chemical decontamination” and 

“Module for electrochemical decontamination”. 

It is envisaged that surface polluted MRAW will 

be subjected to decontamination in the installation, 

which according to the classification of Ordinance No 
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7 of the Commission on the Use of Atomic Energy 

for Peaceful Purposes (CUAEPP) [6] fall into: 

• I category (generated power of the equivalent 

dose at 0.1 m from the surface of 1·10-3 to 3·10-1 

mSv/h); 

• II category (generated power of the equivalent 

dose at 0.1 m from the surface of 3·10-1 to 10 mSv/h). 

• At the stage of trial operation of the 

installation no treatment of metal RAW of the II 

category is envisaged, which generates power of the 

equivalent dose at 0.1 m from the surface exceeding 2 

mSv/h. 

The expected surface β + γ contamination is 

from 2 Bq/cm2 to 50 Bq/cm2, the expected equivalent 

dose rate of gamma radiation Pγ is from 0.1 mSv/h to 

about 5 µSv/h. 

 

2.2. Pyrometallurgical technology 
 

Most of the technologies developed by leading 

companies for the utilization of radioactively 

contaminated metals include several basic stages: 

sorting of metals according to the level of radioactive 

contamination; cutting; preliminary deactivation to 

remove fission and activation products, contained in 

coatings, depositions, oxide layers and dust in the 

facility; remelting of the metal waste. 

The principles of metallurgical thermodynamics 

are in the basis of the processes of transferring heavy 

nuclides to the slag. The effect of enthalpy and 

entropy on the direction and degree of a chemical 

reaction is given by the equation of Gibbs [7]: 

 

∆G = ∆H – T·∆S                  (1) 

 

Here T is the absolute temperature, K. 

The stability of the single oxides can be seen in 

the diagram of Ellingham [8]. It shows the 

dependence of the free energy ∆G on temperature for 

the individual oxides. The more negative the ∆G 

value, the more stable the oxide. 

In general, the metals with lines below the line 

of iron can be oxidized and transferred from the 

molten steel into slag. The metals with lines above 

the line of iron cannot be oxidized. Cobalt will 

remain in the melt because the line of cobalt oxide is 

above that of iron. Uranium will pass into the slag 

because the position of the line of uranium oxide is 

below that of iron oxide. 

After analysing the processes of MRAW 

melting, the decision was made to propose two 

melting technologies, one of them being with two 

options for realization [9]. 

 

 

 

2.2.1. Processing of metal RAW using fluxes 

 

The scrap, cut and cleaned of organic and other 

contaminants, is fed into an induction furnace – Fig. 1 

[9]. 

 

 
 

Fig. 1. Crucible induction furnace: 

1 – inductor; 2 – crucible; 3 – supporting 

structure; 4 – furnace inclination mechanism; 5 

– molten metal [9] 
 

After reaching the specified temperature, special 

refining fluxes are introduced into the liquid metal in 

the amount of 2-3% of its mass but up to 10% of the 

melt mass can be reached. Flux composition depends 

on the radioactive element content in the scrap and on 

slag alkalinity. Usually the fluxes contain quartz sand, 

lime, dolomite, magnesium and additives regulating 

slag viscosity (for example CaF2). The liquid metal is 

stirred due to the magnetic field generated by the 

inductor and the temperature gradient along the 

height of the induction furnace crucible. After a delay 

of 15-20 min allowing the completion of the refining 

processes, the furnace power is reduced, and the slag 

is scraped off. The metal is cast in molds. 

This technological solution may also have 

another option of performance, which is more 

expensive, but more efficient, namely MRAW 

processing with additional metal treatment in a 

foundry ladle. In this case scrap is fed into the 

furnace, melted and overheated by about 50-100 °С 

above the specified temperature in order to prevent 

overcooling of the melt when poured in the ladle. In 

addition, it is necessary that the ladle should be 

heated too. The metal melted in the induction furnace 

is poured into the ladle, which has a porous plug at 

the bottom. An inert gas (nitrogen, argon) is blown 

through it. The refining fluxes are fed in the specified 

quantity and the metal is intensively stirred. After 10-

15 min the gas flow is stopped, the slag is scraped off 

and the metal is poured in moulds. 
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2.2.2. Processing of MRAW without using 

fluxes 

 

No refining fluxes are introduced in this 

technological solution. On the other hand, after 

overheating of the metal it is maintained at the given 

temperature twice as long, so that the light isotopes 

are transferred to the gas phase and then to the gas-

cleaning facilities. With this process it is practically 

impossible to obtain metal ready for unrestricted use 

and therefore it is recommendable to apply it for 

melting of relatively pure scrap with respect to 

radioactive contamination. 

 

2.2.3. Comparison of the three technological 

processes 
 

In terms of technological complexity, the most 

easily implemented process is that of MRAW 

treatment without using fluxes. Its main shortcoming 

was mentioned above. The most complicated 

technological method is the processing of MRAW 

with an additional treatment of the metal in a foundry 

ladle. The problem with this technological process is 

to maintain a specified temperature of the liquid metal 

in the ladle during the refining processes. The 

temperature has to be constantly monitored in order 

to avoid a situation when the metal cools down and 

the refining processes stop. The most frequently used 

method is to heat the ladle through its lid. 

In terms of overall productivity, the 

technological processes for MRAW treatment, with 

or without using fluxes, are comparable because the 

time for refining the melt with fluxes is comparable to 

the additional heating in the flux-free option. In the 

case of MRAW treatment with additional processing 

of the metal in a foundry ladle, the productivity is 

lower due to the more complicated technology and 

the additional time for pouring the metal into the ladle 

and its refining under conditions of gas blowing. This 

process is most effective in terms of the production of 

metal intended for unrestricted use, also reducing the 

relative share of the other two groups of treated metal 

– for restricted use and for disposal. 

The technological process for MRAW treatment 

without using fluxes can be most easily implemented 

because no additional devices for flux feeding and 

slag scraping are necessary. The method of MRAW 

processing with additional treatment of the metal in a 

foundry ladle is most complicated. 

After analysing the results from the comparison 

of the single technological solutions, the authors 

consider that the most advantageous option is to melt 

MRAW in an induction furnace with introduction of a 

certain amount of refining fluxes without additional 

heating. 

3. Application of the decontaminated 

scrap 

 

A method is shown of implementing the already 

decontaminated by melting metal scrap, 

unconditionally released from control based on low 

residual radioactivity [10]. This metal can be 

implemented as a raw material in the production of 

fasteners for nuclear reactors. In this case these are 

studs for the outer contour with sizes: length of 2000 

mm, diameter of 120 mm and mass of 180 kg each. 

The steel 32NiCrMo of type (DIN 1.6745), used 

as a basis, is of the type of the constructional 

complexly alloyed medium-carbon steels, intended 

for the manufacture of fasteners for nuclear reactors. 

A new steel brand of the type 30Cr2NiMoVN with 

higher nitrogen content has been developed by 

mathematical modeling using artificial neural 

networks of the dependence “steel 

properties/chemical composition”. It is produced 

using the methods of the metallurgy under pressure. 

The method is applied to produce new steels and 

alloys under higher pressure compared to the 

atmospheric one. The theoretical grounds of the 

alloying with super-equilibrium nitrogen 

concentrations were developed in IMSETCHA-BAS. 

The main advantages of this type of metallurgy are: 

replacement of expensive alloying elements (nickel) 

by nitrogen, which is distributed homogeneously in 

the bulk of the metal; smooth and homogeneous 

filling of the crucible with metal; improved structure 

and high density of castings. 

The conducted investigations on both steels 

prove that the new one has a fine-grained structure of 

the strengthening phase, which ensures 30-50% 

higher strength and plastic properties as well as 

impact toughness. Therefore, it can be operated 

without problems up to Т = 350 ºС, for fasteners of 

nuclear reactors in particular. 

The next step in stud production is to obtain the 

intermediate blanks in a ВП-0,5 induction furnace, 

where the scrap is calculated so as to use the 

contaminated and remelted blocks yielded by metal 

utilization from decommissioned plants. Even if 

minimal residual radiation is present in them, when 

dissolved in the liquid bath, the residual nuclide 

values are negligibly small. Further on the metal rods 

of the new steel are subjected to Electroslag 

Remelting under nitrogen pressure and blanks of the 

30Cr2NiМoVN steel are obtained. Then the studs are 

forged and finally mechanically treated. The finished 

studs are shown in Fig. 2 [10]. The PWR reactor in 

operating position with the mounted stubs is seen in 

Fig. 3 [10]. 
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Fig. 2. Fasteners of steel 30Cr2NiMoVN. Length 

2000 mm, diameter 120 mm [10] 
 

 
 

Fig. 3. Outer contour of PWR reactor with 

mounted studs [10] 
 

4. Comparison of the two types of MRAW 

decontamination technologies 
 

When analysing the specifics of both 

technologies, several things have to be pointed out: 

First, hydrometallurgical methods are more 

complex and require higher efforts from the service 

personnel in contrast to the pyrometallurgical ones, 

which are simpler in terms of operation and 

maintenance. The fact that in the case of the “wet” 

methods the staff works under conditions of 

evaporating chemical substances should not be 

ignored too. Additional, significant amounts of 

secondary RAW are generated, which require special 

attention, it becomes clear that the hydrometallurgical 

methods are lagging behind the development of the 

pyrometallurgical ones. 

The main advantage of the latter is the 

possibility of multifold reduction of the volume of 

melted materials with all ensuing beneficial 

consequences. This is not relevant to the 

hydrometallurgical processes, where the shape and 

volume of scrap are not changed during treatment. 

The more salubrious work environment in the 

pyrometallurgical technologies, as well as the 

possibilities for automation of a great part of the 

processes have to be also taken into account [11]. 

The decontamination of MRAW by melting and 

processing with refining fluxes has also the advantage 

that redistribution of radioactive nuclides occurs 

between the metal block, slag and dust in the 

purification filters, thus achieving additional 

deactivation of the primary material. Moreover, 

uniform distribution of residual radioactivity is 

obtained in the volume of the ingot. 

 

5. Conclusion 
 

Based on the conducted research and pilot trials 

the team determines that the most prospective method 

for MRAW processing is by melting the metals in an 

induction furnace. Refining fluxes are introduced 

during melting, which reduce the number of 

radioactive nuclides, and the produced metal is 

subjected to unconditional release from control. The 

ideal option would be to cut and preliminary treat the 

dismantled elements applying some of the 

hydrometallurgical or mechanical methods and then 

to melt them in an induction furnace. However, this 

will make the decontamination technology rather 

expensive. 
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ABSTRACT 
 

The paper presents the elaboration of a mathematical model of the cold strip 

rolling process combined with the recrystallization annealing after the rolling at 

LBR Liberty Galati. 

The elaborated mathematical model allows the prediction of the mechanical 

properties of cold rolled strips subsequently subjected to a heat treatment. 

The realization of this mathematical model was based on statistical 

measurements of the mechanical properties Rm, Rp0.2 (Rc) and A5 for the rolled steel 

strip DC01 from Liberty Steel Galati. To achieve this mathematical model, the 

active experiment method was used. 

With the help of this mathematical model, it is possible to optimize the rolling 

process by significant savings of time and materials in the process of testing the 

mechanical properties for cold rolled tape, but also by choosing the most 

appropriate process parameters. 

 
KEYWORDS: mathematical model, mechanical properties, statistical 

measurements, active experiment, recrystallization annealing 

 

1. Introduction 
 

Process modeling is a useful basic tool both in 

the design phase and in the analysis of the operation 

of metallurgical installations. This, together with the 

use of computers, allows the determination of the 

optimal regimes of metallurgical processes. The 

development of the specific mathematical apparatus 

and of the statistical methods allowed to approach the 

problem of the optimal decision as a problem of great 

technical and economic efficiency [1]. 

Mathematical modeling is a basic tool in the 

design phase but also in the execution phase as well 

as in the analysis of the functioning of the processes. 

With the help of mathematical modeling and 

computers by using specialized programs, we can 

determine the optimal conditions for a metallurgical 

process [2]. 

The construction of models associated with 

processes and systems is an essential side of the 

simulation process, a distinction between the different 

types of models that can be used by analysts being 

absolutely necessary [3]. 

The modeling process can be considered as 

consisting of two stages: 

- one that specifies the form in which the model 

is to be expressed. 

- and the second stage is the one that describes 

how the mathematical model is used to provide a 

series of predictions or to offer the optimal solution of 

the studied problem. The mathematical model of a 

process, in this case a metallurgical process, is used to 

determine the best conditions for the process but can 

also be used to provide information on the optimal 

management of the process [4]. 

However, some very important factors should 

not be neglected in the evaluation of modeling 

methods, such as: the relative cost of using these 

models (their efficiency), the ease with which they 

can be transmitted from those who made them to 

those who apply them, handling facilities, the degree 

of accuracy offered, the limits within which the 

respective models can be applied. 

Mathematical modeling is the transposition into 

a mathematical form of a real physical process. 

Statistical mathematical modeling is performed 

in two stages: 

- in the first stage, which is called a preliminary 

experiment, the problem of choosing the process 

factors as well as the interactions that may occur are 

solved; 
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- in the second stage, the experiment on which 

the operator relies to perform the actual modeling and 

statistical analysis of the model takes place [5]. 

Operational research, like other research 

disciplines, has progressed through the use of 

mathematical models, which concisely use 

mathematical notations to represent the variable states 

in the system and to describe how variables change 

and interact with each other. Predictions regarding the 

behavior of the system are made with the help of 

symbolic representations, through mathematical 

procedures. 

 

2. Experimental conditions 
 

In the paper we realized the mathematical model 

of the process of cold plastic deformation and heat 

treatment of recrystallization annealing applied to the 

studied alloy by statistical methods, namely 

regression analysis by active experiment. 

A number of 25 experiments were performed in 

a cold rolled strip trial, the brand of the material being 

DC01, on which degrees of reduction between 61 and 

65% were applied with a step of 1%, and in the 

thermal treatment of recrystallization annealing, times 

were maintained at 700 °C between 35 and 39 hours 

as well as a 1-hour step. 

The following technological parameters were 

taken into account as main influencing factors 

(independent variables) of the process: 

- recrystallization annealing heat treatment time 

- τ, [hours]; 

- degree of plastic deformation - ε, [%]. 

To establish the baseline and the range of 

variation of the influencing factors we used values 

obtained from mechanical tests on the samples used. 

Thus, we established the following experimental 

conditions:  

- for the duration of recrystallization annealing 

heat treatment: 

- basic level: X01 = 37 hours; 

- variation interval: ΔX1 = 2 hours; 

- upper level: X1s = 39 hours; 

- lower level: X1i = 35 hours. 

- for the degree of deformation: 

- basic level: X02 = 63%; 

- variation range: Δx2 = 2%; 

- upper level: X2s = 65%; 

- lower level: X2i = 61%. 

In order to represent the coded experiment, the 

following notations and symbols were used: 

Independent variables: 

- X1 - recrystallization annealing heat treatment 

time, τ [hours]; 

- X2 - degree of deformation, ε [%]; 

Dependent variables (parameters to be 

optimized): 

- Y1 - breaking strength, Rm [MPa]; 

- Y2 - flow limit, Rp0.2 [MPa]; 

- Y3 - specific elongation at break, A5 [%]; 

There are the following links between natural 

and coded values of factors xi: 
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Yi values are expressed in natural units. 

Next, based on the matrix of the complete 

factorial experiment, the coefficients of the regression 

equation are calculated (mathematical model). 

Considering the Yi function as the analytical 

expression of the first order model, it is of the form: 
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Following the specific calculations, the 

equations of the mathematical model (3), (4), (5) 

resulted for the three studied mechanical properties: 

 

 −−= 25,5625,859),(1Y
        (3) 

 
( )  +−−= 06,044,831,1119,1004,2Y     (4) 

 

( )  ++−= 75,15,225,163,3Y
        (5) 

 

3. Experimental results 

 

Following the laboratory tests on the specimens 

taken from the rolls caught in the experimental 

program, the values of the studied mechanical 

properties were registered. The variation of these 

values depending on the two parameters of the 

process are illustrated in Figures 1, 2, 3. 

 

- 36 -

https://doi.org/10.35219/mms.2021.2.06


 
 

THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI 

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 

No. 6 - 2021, ISSN 2668-4748; e-ISSN 2668-4756 

Article DOI: https://doi.org/10.35219/mms.2021.2.06 

 

 
 

Fig. 1. Variation of mechanical strength with the degree of cold plastic deformation and with the time 

of recrystallization annealing 
 

 
 

Fig. 2. Variation of the flow limit with the degree of cold plastic deformation and with the 

recrystallization annealing time 
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Fig. 3. Variation of elongation at break with the degree of cold plastic deformation and with the time 

of recrystallization annealing 

 

4. Conclusions 
 

During this research work, several technological 

variants for obtaining cold rolled steel strips of DC01 

brand were studied, in the conditions of Liberty Steel 

Galati. 

For all the 25 technological variants studied, the 

related mechanical properties comply with the norms 

in force on the Liberty Steel Galati platform (SR EN 

10310). 

Carrying out the mathematical modeling of the 

process of obtaining cold-rolled strips led to obtaining 

mathematical equations of the studied process, valid 

for a time τ, with values ranging from 35 hours to 39 

hours, maintenance to recrystallization annealing and 

a degree deformation during cold rolling ε, with 

values between 61-65%. 

The equations of the mathematical model 

obtained are first order equations and were 

statistically verified using the Fischer criterion. 

The mathematical model obtained in this paper 

can be likened to a function with two variables, each 

of the three studied mechanical properties (output 

quantity) depends on: 

- recrystallization annealing heat treatment time, 

τ [hours]; 

- degree of deformation, ε [%]; 

In the future, for the three studied mechanical 

properties, the equations of the mathematical model 

allow the prediction of the values of these properties 

by calculation, without the need to perform specific 

mechanical tests. 

Interpreting the equations of the model, it results 

that the mechanical properties of resistance increase 

as the value of the degree of deformation increases 

and decrease as the recrystallization annealing time 

decreases. 

Elongation at break is influenced, according to 

the mathematical model, primarily by the treatment 

time in the sense that, as the temperature of the 

recrystallization annealing heat treatment increases, 

so does the elongation. 

The presented mathematical model allows the 

calculation of the optimization of the parameters of 

the process of obtaining cold rolled strips in Liberty 

Steel Galati, so as to obtain the optimal complex of 

resistance and plasticity properties, with minimal 

costs. 
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ABSTRACT 
 

In this paper the corrosion behavior of different materials has been evaluated 

based on exposure in seawater. The laboratory immersion test technique has been 

applied to evaluate the effect of seawater on the corrosion behavior of different 

materials. In three sets of experiments, carbon steels (A681 Type O7), austenitic 

stainless steels (316L) and aluminium alloys (Al5083) were utilized. The specimens 

were fixed fully submerged in seawater. The corrosion process was evaluated using 

weight loss method, open-circuit potential measurements (OCP) and polarization 

techniques. To determine gravimetric index and the rate of penetration, samples 

were immersed in corrosive environment for 89 days and weighed periodically. The 

electrochemical experiments were conducted with a Potentiostat/Galvanostat (PGP 

201) analyzer. It was connected to a PC. The Voltamaster software was used for 

electrochemical data analysis. A three-electrode cell composed of a specimen as a 

working electrode, Pt as counter electrode, and saturated calomel electrode (SCE) 

(Hg (l)/ Hg2Cl2 (s)) as a reference electrode were used for the tests. The weight loss 

tests revealed the lowest corrosion rate values for stainless steel and aluminium 

alloys, indicating a beneficial use for these materials in marine environments. The 

potentiodynamic method shows that the lowest corrosion rate in seawater (2.8 μm 

/year) was obtained for the Al5083 alloy, and the highest value of the corrosion rate 

(41.67 μm/year) for A681 carbon steel. 

 
KEYWORDS: corrosion, weight loss, seawater, corrosion rate 

 

1. Introduction 
 

Corrosion represents the deterioration in time of 

metals, alloys, and also of materials in general, that 

are exposed to the action of some factors which are in 

the surrounding environment by chemical and 

electrochemical reactions. 

The problem of corrosion is very important. In 

order to control this effect, certain methods of control 

or reduction of damages are needed, resulted after this 

process. Simultaneously, these methods are additional 

reasons for the maintenance of equipment. 

Corrosion is a process that cannot be avoided 

and that causes damages to the industry and implicitly 

affects the world economy. For this reason, measures 

for preventing and slowing down the corrosion of 

equipment and metal parts had to be taken [1]. 

Seawater is the only electrolyte that contains a 

relatively high concentration of salts that usually 

occurs in nature, covering at the same time two-thirds 

of Earth’s surface. 

Metallic corrosion in the marine environment 

has been studied since the beginning of the century. 

Due to the high dissolved oxygen content in seawater, 

the corrosion mechanism of different metals is that of 

oxygen depolarization (except Mg and its alloys). In 

the Black Sea, the water can have a high content of 

hydrogen sulphide with the approximately total 

absence of dissolved oxygen. Due to the increase of 

acidity, the corrosion effect can take place due to the 

hydrogen depolarization, the cathodic overvoltage of 

the hydrogen release decreases, and the anodic 

depolarization increases due to the formation of 

sulphides on the metal surface [2-7]. 

After some studies, Vermeșan discovered that 

salinity, the biological component, and the seas and 

oceans’ temperature are variables, as well as the 

corrosion rates are different in these waters. In warm 

seas, where under normal conditions the corrosion 

rate increases with the temperature, the deposition 

reaction of calcareous layers on metal surfaces is 

accelerated and these layers prevent corrosion. The 

alloy’s nature is very important because it influences 
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the corrosion effect. That is why alloys that have high 

Cu content cannot be covered by marine organisms 

due to the copper’s toxicity [8]. 

In the naval industry, a series of materials with 

various characteristics necessary to develop a quality 

product is used to manufacture ships. 

Different destructive attack forms can appear in 

structures, ships, and equipment that are exploited. 

Marine corrosion describes most of the problems that 

appear in contact with seawater. But not only, it also 

contains the way how corrosion evolves as a result of 

metal exposure to the atmospheric action or to salt 

corrosion in naval engines that operate with open 

cooling systems [9-11]. 

In this paper, the corrosion behaviour of some 

materials i.e., the Al5083 alloy, 316L stainless steel, 

and A681 (type O7) carbon steel, was studied in 

seawater (Black Sea), and also their level of 

resistance to factors met in the corrosive environment. 

 

2. Materials and methods 
 

The tested samples were purchased from the 

DAMEN Shipyards Galati, one of the 32 biggest 

shipyards of the Damen Shipyards Group, repair sites 

and related companies around the world. 

These materials, the Al5083 alloy, the 316L 

stainless steel, and the A681 (type O7) carbon steel 

are used to manufacture various products: coastal 

ships, patrol ships, cargo ships, and logistic support 

ships, ferries, and barges. 

The Al5083 alloy, the 316L stainless steel, and 

the A681 (type O7) carbon steel were selected for 

constructing products for the naval industry, and not 

only, due to certain characteristics that make them 

resistant to corrosion up to a certain level. 

The applied methods in studying the corrosion 

of metals must fulfil the conditions of detailed control 

of the factors that characterize the corrosion effect. 

Choosing the study methods firstly depends on the 

type of corrosion process which must be assessed, the 

purpose pursued, and the place where it is 

determined. Most of the time, more methods, 

quantitative and qualitative, are used simultaneously. 

In this case, for the study of corrosion behaviour 

of the Al5083 alloy, 316L stainless steel, and O7 

carbon steel materials quantitative study methods 

were used. The quantitative methods of corrosion 

assessment are classified as follows: 

• gravimetric methods; 

• electrochemical methods. 

The gravimetric methods are the most used in 

studying general corrosion (uniform or non-uniform) 

of metals, applying for electrolyte solutions and for 

non-polar organic substances. 

These methods also have disadvantages which 

consist of high consumption of metal, errors after 

weighing, and the pickling that is done on the metal, 

long period of determination, and the fact that it is not 

applied to the forms of localized corrosion (pitting, 

intergrain) where the metal loss and the consumed 

oxygen quantity are very low [12, 13]. 

The gravimetric index or the corrosion rate 

(Vcor), indicated by g/m2·h or by mg/dm2·day 

represent the weight variation of the metal sample 

(Δm) as a result of corrosion, in the time unit (t) and 

on the surface unit (S), being demonstrated by the 

ratio: 
 

   [g/m2·h]               (1) 

 

The penetration index (P) indicates the average 

depth of the penetration of the corrosive environment 

in the metal mass. In other words, the average 

decreases in the thickness of the exposed sample (d) 

in the unit of time (t), being defined by the ratio: 

 

   [mm/year]              (2) 

 

The penetration index can be measured with a 

corrosion resistance conventional scale for materials 

(Table 1) which provides indicative information on 

the opportunity to use an alloy or metal as 

construction material for a corrosive environment. 
 

Table 1. Corrosion resistance conventional scale for materials [14] 
 

Corrosion resistance group The penetration index [mm/year] Stability coefficient 

Perfectly stable <0.001 1 

Very stable 
0.001-0.005 

0.005-0.01 

2 

3 

Stable 
0.01-0.05 

0.05-0.1 

4 

5 

Relatively stable 
0.1-0.5 

0.5-1.0 

6 

7 

Less stable 
1.0-5.0 

5.0-10 

8 

9 

Unstable >10 10 
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For determining the corrosion rate by 

gravimetric method, the seawater (Black Sea) was 

chosen as testing environments. 

The tested materials were the Al5083 aluminium 

alloy, the O7 carbon steel, and the 316L stainless 

steel. 

Before determining the corrosion rate of the 

materials, the samples were measured, cleaned, and 

prepared with metallographic paper, weighted with 

the help of an electronic balance, and then submerged 

in solution (seawater). 

The most frequent polarization methods used in 

the laboratory for corrosion tests are: 

potentiodynamic polarization, potentiostatic 

polarization, and cyclic voltammetry. These 

techniques can provide important data regarding the 

corrosion mechanism, corrosion rate, and 

susceptibility to corrosion of specific materials in the 

environment. The polarization methods imply 

changing the working electrode potential and 

monitoring the current obtained as a function of time 

or potential. 

The potentiodynamic method consists of varying 

the electrode potential at a determined speed by 

applying a direct current to the electrode. It is one of 

the most used polarization methods for determining 

corrosion resistance and is used for a wide range of 

analyses. 

The corrosion current in the potentiodynamic 

charts can be calculated with the Stern-Geary formula 

which expresses the dependence between the 

polarization resistance and the corrosion current: 

The value of the corrosion rate was calculated 

with the relation: 

 

                         (3) 

 

 

where: 

icor - the density of the corrosion current 

calculated with the Stern-Geary formula; 

A - atomic mass of the metal; 

D - metal density; 

v - valence of the metal. 

The specialized literature presents references to 

the behaviour of metallic materials used in the naval 

industry in seawater (natural or artificial) [15-17]. 

The corrosion tests were done using 

VOLTAMASTER 4 (PGP 201) connected to the 

electrochemical cell with three electrodes: the 

working electrode (W.E.), the tested sample on whose 

surface the measurement was done, the counter 

electrode (C.E.), the platinum electrode and calomel 

electrode SCE (Hg (l)/ Hg2Cl2 (s), KCl, sol sat) as the 

reference electrode (R.E.; E Hg/Hg2Cl2 = +0.2444 V 

at 25 oC/ESH). The system was connected to a 

computer with data analysis software. The analysed 

samples (the working electrode) have been isolated 

on one side before being immersed in the seawater 

testing solution.  

The corrosion tests of each sample began with 

the monitoring of the open circuit potential – OCP, 

after submerging the samples in the testing solution 

until it reached the stationary value. 

For the potentiodynamic polarization tests, the 

following parameters were used: initial potential 

(I.P.) -1.0V (SCE), final potential (F.P.) +300 mV 

(SCE), scanning speed 2 mV/s. 

 

3. Results and discussions 

 

3.1. Results obtained by gravimetric 

methods 

 

Determining the corrosion rate after 7 days since 

immersion: After a 7-day period from immersion of 

the samples in the seawater, they were cleaned, 

weighted, and submerged again. The masses of the 

samples both initial and at 7 days are shown in Table 

2. 

 

Table 2. Weight variation at 7 days 
 

Materials 
Initial 

weight (g) 

Weight after 7 

days (g) 

Al5083 

aluminium 

alloy 

7.4395 7.4299 

316L stainless 

steel 
19.6243 19.6187 

A681 carbon 

steel 
20.1641 20.1429 

 

The values of the corrosion rate were calculated 

with the ratio (1), after submerging the samples in 

seawater for 7 days. 

 

 
 

Fig. 1. The corrosion rate after submerging in 

seawater for 7 days 
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According to the data from Figure 1, it can be 

seen that after 7 days of immersion in seawater, the 

corrosion rate has the highest value in the case of the 

O7 carbon steel, 0.0446 g/m2h. Lower values were 

obtained for the other materials, such as a value of 2.3 

times lower was calculated in the case of the Al 5038 

aluminium alloy i.e., 0.0192 g/m2h. The lowest value 

for the corrosion rate at 7 days of immersion was 

calculated for the 316L stainless steel (0.0094 g/m2h), 

a value 4.7 times lower than that calculated for the 

A681 (type O7) carbon steel. 

Determining the corrosion rate after 28 days 

since immersion: The variation of the masses of the 

samples tested in seawater after 28 days of immersion 

is presented in Table 3 and the corrosion rate for each 

tested material is presented in Figure 2. 

 

Table 3. Weight variation at 28 days 
 

Materials 
Initial 

weight (g) 

Weight 

after 28 

days (g) 

Al5083 

aluminium 

alloy 

7.4395 7.4216 

316L 

stainless 

steel 

19.6243 19.6106 

A681 (O7) 

carbon steel 
20.1641 20.1165 

 

The corrosion rate for the three tested materials 

Al5038, 316L, and A681 (O7) have the same rate in 

the chart comparatively presented with that from the 7 

and 14 days since immersion. 

 

 
 

Fig. 2. The corrosion rate after submerging in 

seawater for 28 days 
 

According to the data from Figure 2, it can be 

observed that after 28 days of immersion in seawater 

the corrosion rate has the highest value in the case of 

the O7 carbon steel (0.025 g/m2h). Lower values were 

obtained for the other materials, like a value of 2.7 

times lower for the Al 5038 aluminium alloy i.e., 

0.009 g/m2h. The lowest value for the corrosion rate 

after 7 days of immersion was calculated for the 316L 

stainless steel (0.0058 g/m2h), a value 4.3 times lower 

than that calculated for the carbon steel. 

Determining the corrosion rate after 89 days 

since immersion: The variation of the masses of the 

samples tested in seawater after 89 days of immersion 

is presented in Table 4. and the corrosion rate for 

each tested material is presented in Figure 3. 

 

Table 4. Weight variation at 89 days 
 

Materials 
Initial 

weight (g) 

Weight 

after 89 

days (g) 

Al5083 

aluminium 

alloy 

7.4395 7.4216 

316L 

stainless 

steel 

19.6243 19.6106 

A681 (O7) 

carbon steel 
20.1641 20.1165 

 

The corrosion rate for the three tested materials 

Al5038, 316L, and A681 (O7) have the same rate in 

the chart comparatively presented with that from the 7 

and 28 days since immersion. 

 

 
 

Fig. 3. The corrosion rate after submerging in 

seawater for 89 days 
 

According to the data from figure 3, it can be 

observed that after 89 days of immersion in seawater 

the corrosion rate has the highest value in the case of 

the O7 carbon steel (0.0182 g/m2h). Lower values 

were obtained for the other materials, like a value of 

3.9 times lower for the Al5038 aluminium alloy i.e., 

0.0046 g/m2h. The lowest value for the corrosion rate 

after 7 days of immersion was calculated for the 316L 

stainless steel (0.0024 g/m2h) a value 7.5 times lower 

than that calculated for the O7 carbon steel. 
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Micrographs were done with the help of an 

optical microscope to which a USB digital 

microscopy camera type OPTIKAM 4083.B1 was 

attached. 

In Figures 4-6, micrographs for the Al5038, 

316L, and A681 (O7) materials are presented, before 

and after immersion for 89 days in seawater. 

 

              
                                               a                                                                                   b 
 

Fig. 4. Micrographs of Al 5083 alloy in the initial phase (a) and 89 days after immersion (b) 
 

               
                                               a                                                                                    b 
 

Fig. 5. Micrographs of 316L stainless steel in the initial phase (a) and 89 days after immersion (b) 
 

                
                                             a                                                                                      b   
 

Fig. 6. Micrographs of A681 type O7 carbon steel in initial phase (a) and 89 days after immersion (b) 
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It can be observed that a degradation process of 

the initial surface after the interaction with the 

seawater appears. 

The corrosion that was gravimetrically 

discovered in the seawater was highlighted by 

metallographic analyses on the surfaces of the 

Al5083, 316L, and A681 (O7) materials subjected to 

corrosion for 89 days. The induced modifications by 

various corrosion mechanisms to the corrosion 

material/environment interface were studied by 

relating to the witness samples (before corrosion). 

After the 89 days of immersion, the morphology of 

the samples’ surfaces is deeply modified. It is found 

that the degradation mechanisms of materials due to 

corrosion are complex. Thus, it can be noticed that 

the localized corrosion highlighted by corrosion spots 

– relatively big and small depth portions in the case 

of the stainless steel, corrosion plates – relatively 

small but deep surfaces in the case of the carbon steel, 

and pitting concentrated on small surfaces (with 

diameters to 100 µm) in the case of aluminium alloy. 

Determining the penetration index after 7 days 

since immersion: Figure 7. represents the penetration 

index P for the tested materials after being immersed 

in seawater for 7 days. 

 

 
 

Fig. 7. Penetration index calculated after 7 days 

since immersion 
 

After 7 days of immersion in seawater and after 

the calculations were done, the highest penetration 

index was obtained for the Al 5038 aluminium alloy 

with a value of 0.0622 mm/year. According to Table 

1, the Al5038 alloy presents the stability ratio of 5 in 

the marine environment, which is group III of 

resistance i.e., stable. 

The lowest penetration index was obtained by 

the 316L stainless steel with a value of 0.0105 

mm/year which is also in group III of resistance, 

meaning that is stable, well usable. 

The O7 carbon steel had a close value of the 

penetration index to that of the aluminium alloy i.e., 

0.0501 mm/year, thus proving that the carbon steel 

also presents the stability ratio of 5 in the marine 

environment, which is group III of resistance i.e., 

stable. 

Determining the penetration index after 89 days 

since immersion: Figure 8. represents the penetration 

index P for the tested materials after being immersed 

in seawater for 89 days. 

 

 
 

Fig. 8. Penetration index calculated after 89 

days since immersion 

 

After 89 days of immersion in seawater and 

after the calculations were done, the highest 

penetration index was obtained for the O7 carbon 

steel with a value of 0.0204 mm/year. According to 

Table 1, the O7 carbon steel presents the stability 

ratio of 4 in the marine environment, which is group 

III of resistance that is stable after 89 days since 

immersion. 

The lowest penetration index was obtained by 

the 316L stainless steel with a value of 0.0026 

mm/year, resulting in a stability ratio of 2, which is 

group II of resistance, that is very stable. 

The Al5038 aluminium alloy had a penetration 

index value of 0.0149 mm/year, this demonstrating 

that the carbon steel presents the stability ratio of 4 in 

the marine environment, which is group III of 

resistance, that is stable. 

 

3.2. Results obtained by the electrochemical 

method 

 

Tracing and interpreting the Tafel curves give 

information about the corrosion current’s intensity, 

polarization resistance, and the corrosion rate for the 

tested systems. The corrosion rate values were 

calculated with the ratio (3). 

The open circuit potential of the 316L stainless 

steel inclines towards more positive values, 

suggesting a better corrosion behaviour in the 

seawater. The open circuit potential for the Al5038 

alloy starts from the most negative potential (-670) 

and increases linear, passing the open circuit potential 

for the carbon steel. 

The potentiodynamic charts for the Al5038 

alloy, O7 steel, and 316L steel in the seawater are 
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presented in figure 10 and the corresponding values 

of the corrosion current, polarization resistance, and 

the calculated Tafel parameters are presented in Table 

5. 

 

 
 

Fig. 9. Evolution of open circuit potential in the 

seawater testing solution 
 

From the presented data, it can be observed that 

the corrosion potential inclines towards negative 

values for the O7 carbon steel. 

For the tested materials, the lowest corrosion 

rate in seawater (2.8 μm/year) was obtained for the 

Al5038 alloy and the highest value of the corrosion 

rate (41.67 μm/year) for the O7 carbon steel. For the 

stainless steel, a corrosion rate close to that of the 

aluminium alloy has been calculated i.e., 4.2 μm/year. 

 

 
 

Fig. 10. Comparative potentiodynamic curves 

for Al5083 alloy, A681 type O7 carbon steel and 

316L stainless steel in seawater 

 

Table 5. Corrosion parameters determined from Tafel curves 
 

Materials 
Potential 

[mV] 

Rp 

[kohm cm2] 

i cor 

[μA/cm2] 

βa 

[mV/decade] 

βc 

[mV/decade] 

V cor 

[μm/year] 

Al 5083 aluminium 

alloy 
-598.2 76.70 0.2573 48.8 137.9 2.801 

A681 carbon steel -724.0 3.36 3.8484 60.4 107.2 41.670 

316L stainless steel -275.6 61.97 0.3522 124.4 110.5 4.214 

 

4. Conclusions 
 

On the entire research period of 89 days, it was 

observed how each material, the Al5083 alloy, the 

316L stainless steel, and the O7 carbon steel suffered 

modifications in terms of material density, but also at 

the materials’ surface, these cracking at the surface. 

After the studies were finished, which consisted 

of measuring the corrosion rate, the penetration index 

of the metals, and the corrosion potential, it was 

observed that of all materials the least resistant to 

seawater corrosion is the A681 (type O7) carbon 

steel, and the most resistant were the Al5038 alloy 

and the 316L stainless steel. 

Marine corrosion can be prevented and the most 

important factors in preventing marine corrosion are: 

the project, material selection, cost criteria, 

manufacturing factors, purchasing criteria, elements 

of influence due to the construction system, and the 

mode of operation and maintenance. 
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ABSTRACT 
 

The pollution of industrial wastewater with heavy metals and dyes is a highly 

important environmental problem, because of the propagation of the pollution and 

because of its unfavourable consequences. Sustainable wastewater treatment is one 

of the foremost challenges of this century. Various waste materials characterized by 

lignocellulose composition are low cost, non-conventional adsorbent for 

biosorptive removal of heavy metal ions from aqueous solutions. Recent studies 

point to the potential of use of low-cost materials (zeolites, carrot residue and green 

tea waste) as effective sorbents for the removal of Cd2+ from aqueous solution. The 

use of bentonite to the treatment of wastewater containing reactive dyes in aqueous 

solutions requires the modification of the hydrophilic surface by inorganic cations 

with organic cations exchange. The use of bentonite as an inexpensive sorbent for 

the removal of Remazol Brilliant Blue R (RBBR) from synthetic aqueous solutions 

has been also presented in recent studies. The influence of some parameters such 

as: pH, initial dye concentration, sorbent dose on sorption kinetics for dye removal 

has been reviewed in this paper. 

 
KEYWORDS: adsorption, heavy metals, dyes, waste materials, removal 

 

1. Introduction 
 

Wastewater treatment for organic and inorganic 

pollutants is one of the foremost areas of scientific 

research involving many fields of science and 

engineering. According to WHO and UNICEF, 2000 

report approximately 70–80% of total illnesses in 

developing countries are caused by different water 

contaminants. With the increasing levels of industrial 

toxic sludge disposal to water bodies, finding 

environment friendly and affordable treatment 

methods is a priority. Adsorption is one of the most 

researched and used wastewater treatment methods 

for removing heavy metals and dyes. The need for 

alternative treatment techniques with wide scale 

applicability led to a new area: the green chemistry or 

green technology, which dealt with technological 

interventions for environmental sustainability by 

focussing on minimizing pollution and use of non-

renewable resources [1]. 

Various waste materials characterized by 

lignocellulose composition are low cost, non-

conventional adsorbent for biosorptive removal of 

heavy metal ions from aqueous solutions. The 

sorption of synthetic dyes on solid materials based on 

wood wastes have been intensively studied. For 

example, wood sawdust is a promising natural low-

cost material for the treatment of polluted wastewater 

[1, 2]. 

Efficient removal of heavy metal ions from 

wastewater has become an important issue in many 

countries. Conventional methods have been widely 

used to remove heavy metals from water: chemical 

precipitation, chemical oxidation, chemical reduction, 

ion exchange, filtration, electrochemical treatment 

and evaporation. All of these procedures have some 

disadvantages, such as high energy requirements, 

incomplete disposal and the production of toxic 

sludge or waste that also requires additional treatment 

[2-8]. 

Adsorption is an effective method for removing 

trace pollutants from water. Activated carbon is 

widely used as an adsorbent support of different 

metal ions. Activated carbon requires complexing 

agents to improve its removal performance for 

inorganic contaminants. These procedures have an 

important disadvantage: the high cost of the 

activation process limits the use of activated carbon 

sorbent in wastewater treatment [4, 8]. 

Different types of functionalized materials have 

been developed for the removal of heavy metals ions 
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from wastewater: mesoporous and microporous silica, 

clays or organic polymers [5, 6]. Clinoptilolite 

occurring in the zeolitic volcanic tuffs is a hydrated 

alumina–silicate member of the heulandite group. It is 

widespread in our country and in the whole world. 

Clinoptilolite incorporation in different biopolymers 

membranes is an effective method to control the 

diffusion outside the zeolite crystals and designed 

composite systems have many opportunities for 

applications in wastewater treatment [6]. 

A low-cost adsorbent is defined as a material 

that is abundant in nature or is a by-product or 

residual material from an industry domain. Biomass 

waste, industrial waste and mineral waste have been 

researched in many studies and biomass has presented 

better adsorption capacity [2, 7-10]. Plants possess a 

special cellular mechanism that may be involved in 

the removal of heavy metals. These include the 

capacity for metal binding to cell walls and 

extracellular exudates for chelation of metals by 

peptides, such as phytochelatins and by 

metalothioneins [3]. 

Adsorbents of agricultural origin have polymeric 

groups like cellulose, hemi-cellulose, pectin, lignin 

and proteins as active centers for metal uptake. 

Various waste materials: almond shell residues, date 

stones, coffee ground, black tea leaves, olive leaves, 

carrot residue are low cost and non-conventional 

adsorbent for biosorptive removal of heavy metal ions 

from aqueous solutions [5, 11-14]. 

The adsorption of heavy metal ions is as a result 

of physico-chemical interaction, ion exchange or 

complex formation between metal ions and functional 

groups which are present on the cell surface [2]. 

Different functional groups are involved, such as 

carboxyl, amine and amides. The ion exchange 

mechanism takes into account the metal binding 

pattern and the proton release reaction [2, 15-19]. The 

absorption of metals and the efficiency of biosorption 

by the residual biomass depend on the physical and 

surface properties of the adsorbent, the properties of 

metal ions and the operating conditions [9-12, 20, 

21]. 

Adsorption is an efficient method for removing 

reactive dyes. One of this method advantages is the 

possibility to use a wide variety of synthetic and 

natural materials at a reduced price [3]. In recent 

decades, general attention has been paid to 

unconventional and low-cost materials that include 

agricultural and industrial by-products and waste [1-

3]. Studies in the literature have reported that 

biosorption could reduce by 20-36% of capital, 

operating and total cost compared to conventional 

systems [4-10]. 

The detection of reactive dyes in the 

environment can cause serious problems due to their 

possible toxicity, due to their aromatic structures. 

These compounds are stable, not biodegradable and 

they are difficult to remove from industrial effluents 

before discharging them into emissaries [1]. Different 

technologies have been developed for the removal of 

dyes from wastewater: chemical precipitation, 

adsorption, membrane filtration, coagulation, ion 

exchange, oxidation process, reverse osmosis, solvent 

extraction [1-3]. Physical and chemical characteristics 

of biosorbents are very important to understand 

potential application of these materials and adsorption 

mechanism [13, 14]. For example, wooden materials, 

coconut shell, pineapple leaves, sugar cane bagasse, 

coffee waste have the highest cellulose contents 

(>40%) [16-20]. 

 

 
 

Fig. 1. Adsorption mechanism of heavy metals and dyes using plant-based adsorbents [7] 
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Researchers have tried to remove heavy metals 

by using biosorbents; for example, the adsorption 

process of Cd2+ on some adsorbents was studied: 

clinoptillolite tuff, carrot residue and green tea waste. 

Carrot residues and tea waste were investigated as 

unconventional low-cost adsorbent materials for the 

absorption of Cd2+ from contaminated water under 

different experimental conditions: pH, amount of 

adsorbent and initial concentration of metal. 

Equilibrium data were examined using the Langmuir, 

Freundlich and Temkin isotherm models [21, 22]. 

Use of bentonite to the treatment of wastewater 

containing anionic dyes, particularly reactive dyes in 

aqueous solutions, requires the modification of the 

hydrophilic surface by inorganic cations with organic 

cations exchange. The use of bentonite as an 

inexpensive sorbent for the removal of Remazol 

Brilliant Blue R (RBBR) from synthetic aqueous 

solutions has been studied in batch conditions. The 

influence of some parameters such as: pH, initial dye 

concentration, sorbent dose on sorption kinetics for 

dye removal were investigated [21, 22]. 

 

2. Biosorptive removal of heavy metals 

and dyes 

 

2.1. Preparation of the adsorbent supports 
 

Recent research studies presented that 

clinoptillolite (CLP) and some waste materials: carrot 

residues (CR) and green tea waste (TW) were used as 

adsorbents for the removal of cadmium from 

synthetic wastewater. 

Zeolites are crystalline microporous 

aluminosilicates with ion exchange properties, 

suitable for a wide range of applications: in catalysis, 

separation of liquid and gaseous mixtures and in 

wastewater treatment [6, 22, 23]. The natural CLP 

sample has the following ideal composition: 

[Ca1.24Na1.84K1.76Mg0.2Al16Si30O72(H2O)21.32]. Only a 

selected fraction of clinoptilolite (for example 0.05 

mm) was used for the adsorption studies [6]. 

The cation exchange and/or adsorptive 

properties of tea and carrot residue can be attributed 

to the presence of carboxylic, phenolic and other 

functional groups, which exist in caffein either the 

cellulosic matrix or in the materials associated with 

cellulose such as hemicellulose, lignin, peptides [3, 

8]. 

To study the morphology of the clinoptillolite 

surface, its structure was observed using scanning 

electron microscopy (SEM). Figure 2 shows SEM 

image of a clinoptillolite sample and indicates that it 

has a large distribution of particle size. The presence 

of nanoparticles and submicron size particles can also 

be observed from Figure 2. 

The carrot residues were dried at 80 °C for 24 

hours, grounded to powder and sieved to obtain a 

homogeneous particle size adsorbent material. To 

remove soluble components such as tannin or 

coloring matters, the carrot residue was washed with 

0.5 M HCl and deionized distilled water until a 

constant pH value. 

Surface impurities, soluble and coloured 

ingredients of green tea waste were removed by 

washing with boiling distilled water. This action was 

repeated until the solution was colourless. The tea 

residues were then washed with distilled water and 

dried in the oven for 12 hours at 105 °C. The dried tea 

residues were ground and sieved and the fine powder 

was then used for sorption studies [22]. 

Data regarding the chemical composition and 

the content of montmorillonite corresponding to 

sodium bentonite used in the laboratory experiments 

for some dyes removals were obtained from the 

supplier. The ion exchange capacity evaluated from 

these data was 0.75 g mechiv / 100 g. The laboratory 

experiments were performed with a grain size fraction 

of sodium bentonite, with particle sizes less than 200 

μm, as it was obtained from the supplier [23]. 

 

                
 

Fig. 2. SEM micrograph of clinoptillolite (CPL) [22] 
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Fig. 3. General protocol for biosorbent preparation [8] 
 

2.2. Sorption equilibrium 

 

Analysis of sorption equilibrium data through 

isotherm models is of paramount importance for 

designing a biosorption system.  Adsorption 

equilibrium data are important to optimize the 

parameters which characterize an adsorption system. 

These data are also useful to provide physico-

chemical information to explain the mechanism of 

adsorption. The absorption capacity of an adsorbent 

can also be described by the equilibrium sorption 

isotherm, which is characterized by specific 

constants, whose values express the surface properties 

and affinity of an adsorbent [12]. 

The adsorption capacity qe (mg/g) after 

equilibrium was calculated by mass balance 

relationship equation as follows [4]: 

 

qe = (C0-Ce) V / W                       (1) 

 

 

In the relationship equation (1): C0 (mg/L) is the 

initial concentration of solute, Ce (mg/L) is the 

equilibrium metal ion concentration, V is the volume 

of the aqueous solution (L) and W is the mass of the 

sorbent used (g). 

The percent removal of heavy metal from 

solution (R%) was calculated by the following 

equation [4]: 

 

%R = (C0 - Ce) / C0 · 100                 (2) 

 

where C0 (mg/L) is the initial concentration of metal 

ion, Ce (mg/L) is the equilibrium metal ion 

concentration. 

The equilibrium between the liquid phase and 

the solid phase (adsorbent-attached solute) was 

described in this study by Freundlich, Langmuir and 

Temkin mathematical models [4, 12]. 

Freundlich isotherm model can be applied for 

non-ideal adsorption on heterogeneous surfaces or for 

multilayer sorption and it is represented by the 

following equations (Freundlich, 1906) [12-14]: 

 

qe = KF · Ce 1/n    (2) original form 

 

lg qe = lg KF + 1/n lg Ce    (3) linear equation form 

 

where: KF (mg g−1) and n are Freundlich constants; 

1/n represents an empirical parameter, which is 

related to the adsorption intensity; qe (mg g-1) is the 

equilibrium sorption concentration of pollutant per 

gram of adsorbent; Ce (mg L-1) represents the 

concentration of the solute in solution at equilibrium. 

Langmuir isotherm model assumes that the 

adsorption process occurs at specific homogeneous 

sites on the adsorbent and it is described by the 

following equations (Langmuir, 1918) [12, 14]. 

 

qe = qm·KL · Ce / 1 + KL·C   (4) original form 

 

c/qe = 1/KL · qm + c / qm (5) linear equation form 

 

where: qe (mg g-1) represents the amount of solute 

adsorbed per amount of adsorbent; Ce (mg L-1 or 

mmol L-1) is the pollutant equilibrium concentration; 

qm (mg g-1) represents the sorption capacity; KL 

(L/mg) is the Langmuir constant related to the 

adsorption energy (L mg-1 or L mmol-1). 

Temkin isotherm model is represented by the 

following equation [14]: 
 

q = R · T / bT · ln (KT · Ce)  (6) original form 

q = R · T / bT · ln KT + R · T / bT ln Ce (7) linear 

equation form 

 

where: KT (L mg-1) and bT (KJ/mole) represent 

Temkin isotherm constants; Ce (mg L-1 or mmol L-1) 

is the pollutant equilibrium concentration. 
 

2.3. Effect of water properties on 

adsorption of heavy metals and dyes 
 

2.3.1. The adsorption of Cd2+. Effect of 

initial concentration 
 

The initial concentration is one of the 

parameters that have an important effect on the 
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removal of adsorbate species from an aqueous 

solution. (Figure 4). 

The effect of the initial concentration of Cd2+ on 

the adsorption rate was investigated for the values of 

20, 40, 60 and 80 mg/L. All experiments were 

performed at room temperature i.e., 22 ± 2 oC; the 

amount of adsorbent support was 0.5 g and contact 

time 24 h [22] 

 

 

       
 

Fig. 4. Effect of initial concentration of Cd2+ on the adsorbent materials (clinoptillolite tuff CPL, 

carrot residue CR and green tea waste TW) [22] 
 

The mechanism of metal absorption is especially 

dependent on the initial concentration of heavy 

metals: at low concentrations, the metal ions are 

adsorbed by specific sites; increasing concentration 

values, specific sites will be saturated and exchange 

sites will be filled [4]. 

As the initial cadmium concentrations increase, 

the percentage of metal removal (R%) decreases. 

Figure 3 also indicates that CPL and TW had a better 

percentage elimination than CR. 

 

2.3.2. The adsorption of Cd2+. Effect of 

adsorbent mass 
 

The amount of adsorbent is also an important 

parameter in determining the adsorption capacity. As 

the adsorbent dosage increases, the adsorbent sites 

available for metal ions are also increased and 

therefore better adsorption process takes place [13-

16]. 

In the adsorption studies which are presented, 

the adsorbent mass varied from 0.10 to 1.00 g in 100 

mL and 60 mg/L Cd+2 solutions, while all the other 

variables were kept constant. 

It was noted that the percentage of Cd2+ removal 

increases according the amount of sorbent mass 

(Figure 4), the dosage increase of CPL from 0.10 to 

1.00 g enhances Cd+2 uptake from 69.9 % to 100 %; 

in case of TW, the percent of metal removal increased 

from 42.9% to 92.79% and for CR from 66.1% to 

80.45%, in the same adsorbent amount interval. The 

best percentage removal of Cd+2 was at about 100%, 

using CPL as adsorbent and an adsorbent dosage of 

0.75 and 1.00 g, in a solution of concentration 60 

mg/L Cd+2. 

 

              
 

Fig. 5. Effect of adsorbent mass on the adsorption of Cd2+ using different biosorbent materials 

(clinoptillolite tuff CPL, carrot residue CR and green tea waste TW) [22] 
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2.3.3. The adsorption of Cd2+. Effect of pH 

 

Solution pH has been reported to be one of the 

most important variables governing the adsorption of 

metal ions by an adsorbent. The equilibrium 

established in solution between metal ions and the 

sorbent may be described by the following 

equilibrium [15]: 

 

Mn+ + BHn    BM + n H+             (8) 

 

M represents the metal; n is the metal charge and B is 

the active sorption sites of the adsorbent [15]. 

According to equation (8), pH influences metal 

ion adsorption, due to a competition between the 

metal ion and H+ ions for active sorption sites. pH 

affects the solubility of metal ions and the ionization 

states of functional groups of the adsorbent material, 

such as carboxyl and hydroxyl [14, 15]. 

Equilibrium adsorption experiments at different 

pH values (3, 6 and 9) were performed to study the 

effect of pH on Cd+2 removal from wastewater. All 

other variables such as dosage, contact time and 

temperature were kept constant. The results are 

illustrated in Figure 5. As it can be observed, Cd2+ 

removal increases with increasing the initial pH of the 

solution. At lower pH, the concentration of H+ ion is 

high, causing a competition for vacant adsorbent site 

between the H+ ion and heavy metal cations. 

From the experiments it was observed that the 

optimum pH value for the removal of Cd+2 was 6, 

using CPL, TW and CR as adsorbent materials. 

(Figure 6) The best adsorption results at pH value 6 

could be explained because of the cellulose 

component of the CR adsorbent support, where site 

binding adsorption might be occurring. From the 

point of view of an industrial application, this may 

provide an important advantage, since working at 

extreme pH would be avoided. 

 

                
 

Fig. 6. Effect of pH on the adsorption of Cd2+ using different materials (clinoptillolite tuff CPL, 

carrot residue CR and green tea waste TW) [22] 

 

2.3.4. Adsorption isotherm models for Cd2+
 

 

Equilibrium adsorption data are used to 

determine the maximum capacities of the adsorbents 

during the experiments of biosorption. The linearized 

Langmuir, Freundlich and Temkin isotherms of Cd2+ 

are shown in Figures 7-9. The adsorption intensities 

and adsorption capacities (qm) were determined from 

the intercept and slope data, respectively, for each 

adsorbent. 

 

 

 
 

Fig. 7. Freundlich isotherm of Cd2+ removal by different types of adsorbents (clinoptillolite tuff CPL, 

carrot residue CR and green tea waste TW) [22] 
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Fig. 8. Langmuir isotherm of Cd2+ removal by different types of adsorbents (clinoptillolite tuff CPL, 

carrot residue CR and green tea waste TW) [22] 
 

 
 

Fig. 9. Temkin isotherm of Cd2+ removal by different types of adsorbents (clinoptillolite tuff CPL, 

carrot residue CR and green tea waste TW) [22] 
 

Table 1. Equilibrium adsorption data for Cd2+ sorption on some bio adsorbents [22-24] 
 

Sorbent Langmuir Model Freundlich Model Temkin Model 

Clinoptillolite 

CPL 

R2 = 0.9152 

qm = 16.55 mg/g 

KL = 0.1635 L/mg 

ΔG = 4.514 KJ/Kmol 

R2 = 0.9479 

KF = 2.95 mg/g 

n = 2.125 

R2 = 0.8866 

KT = 3.539 L/g 

bT = 0.8281 KJ/mol 

Carrot residue 

CR 

R2 = 0.8483 

qm = 11.614 mg/g 

KL = 0.0522 L/mg 

ΔG = 7.357 KJ/Kmol 

R2 = 0.9502 

KF = 1.26 mg/g 

n = 1.94 

R2 = 0.8689 

KT = 1.688 L/g 

bT = 1.006 KJ/mol 

Tea waste 

TW 

R2 = 0.9812 

qm = 16.89 mg/g 

KL = 0.7124 L/mg 

ΔG = 0.848 KJ/Kmol 

R2 = 0.9673 

KF = 6.70 mg/g 

n = 3.26 

R2 = 0.9961 

KT = 1.57 L/g 

bT = 0.6470 KJ/mol 

NaOH-modified 

lemon peel 

R2 = 0.984 

qm = 80.64 mg/g 

KL = 0.9910 L/mg 

ΔG = 0.8 KJ/Kmol 

R2 = 0.917 

KF = 5.58 mg/g 

n = 6.9 

R2 = 0.8849 

KT = 5.576 L/g 

bT = 0.3426 KJ/mol 

 

The results presented in table 1 shows that CPL, 

NaOH-modified lemon peel and TW exhibited greater 

adsorption capacities than the values registered for 

CR adsorbent. It can be observed from the data 

presented in the Table 1 that the value of ‘n’ 

Freundlich specific parameter was greater than 1, 

which indicates that the adsorption process of Cd(II) 

on all biosorbents which were tested (CPL, CR and 

TW) was favourable. 
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According to literature studies, the Temkin 

isotherm considers that the heat of adsorption of 

molecules would decrease linearly with the coating 

due to the adsorbed species / adsorbent support 

interactions [20, 21]. The Temkin bT (KJ / mol) 

specific parameter related to the sorption heat is less 

than 8 for all adsorbents which were tested, indicating 

a weak interaction between metal and sorbent. [22] 

The process, as indicated by the Temkin bT 

parameter, can be expressed as physiosorption [22-

24, 29]. 

 

2.4.5. The adsorption of Remazol Brilliant 

Blue R dye (RBBR). The influence of initial 

pH 

 

The presence of coloured organic compounds in 

water causes the decrease in penetration of sun light, 

that may affect the photosynthetic activity of aquatic 

plants. Various components of dyes like aromatics, 

amines are mainly responsible for their toxicity [8]. 

The use of bentonite as an inexpensive sorbent 

for the removal of Remazol Brilliant Blue R (RBBR) 

from synthetic aqueous solutions has been also 

presented in recent studies. The use of sodium 

bentonite to the treatment of wastewater containing 

reactive dyes requires the modification of the 

hydrophilic surface by inorganic cations with organic 

cations exchange. The modification of sodium 

bentonite with organic cations was achieved by ion 

exchange, according to procedures reported in the 

literature [23]. 

The influence of initial pH in the domain 8-11 

and the influence of the initial concentration of the 

reactive dye (concentration domain C0: 50-100 mg/L) 

were presented in a research study for the adsorption 

process of Remazol Brilliant Blue R dye [23]. 

Figure 10 presents the results of the adsorption 

tests of RBBR dye at different values of pH. The 

initial concentration of dye in solution was: C0 = 50 

mg/L and the adsorbent concentration of 10 g/L [23]. 

 

 
 

Fig. 10. The results of the adsorption tests of 

Remazol Brilliant Blue R (RBBR) dye at different 

values of pH [23] 

Figure 10 shows that pH of the dye solution is 

an important factor in the process of adsorption of 

Remazol Brilliant Blue R (RBBR) anthraquinone dye. 

In the first part of the process small differences occur 

in the domain which was studied, but significant 

differences between the samples can be observed as 

the contact time increases. 

It is obvious that the maximum efficiency was 

obtained in case of RBBR dye adsorption at pH = 10 

(a removal efficiency of 89%, for a contact time of 

120 min). This result was taken into consideration for 

the following experiments of the dye adsorption [23]. 

 

2.3.6. The adsorption of Remazol Brilliant 

Blue R dye (RBBR). The influence of initial 

concentration of dye solution 

 

Figure 11 presents the data obtained in recent 

research experiments in which the influence of the 

initial concentration of dye solution Remazol Brilliant 

Blue R was studied (for initial dye concentrations of 

50 and 100 mg/L at pH 10 and the temperature of 25 

°C), on the bentonite sample NaB-S1 (CTAB = 1.3 

CEC) [23]. 

 

 
 

Fig. 11. The data obtained in experiments with 

the initial concentration of dye solution Remazol 

Brilliant Blue R RBBR (C0 = 50 and 100 mg / L) 

at pH = 10 and the temperature of 25 °C, on the 

bentonite sample NaB-S1 [23] 
 

It can be observed that at a concentration of 100 

mg / L, the adsorption process is very fast, so that the 

total removal of the dye takes place in a contact time 

of 30 min. The comparison of the two sets of samples 

shows that in case of lower initial concentration (50 

mg / L) kinetics of the process is slower, but 

adsorption efficiency in the first 30 min. of contact is 

over 90% [23]. 

In the past few years, an enormous amount of 

research has been conducted on biosorbents. Uptake 

capacities of various bio adsorbents for dyes removal 

are presented in Table 2. 
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Table 2. Uptake capacities of various bio adsorbents for dyes removal 
 

Adsorbent Organic pollutant - dye Amount adsorbed References 

Orange peel waste Toluidine blue 314.3 mg/g [24] 

Bentonite Remazol Brilliant Blue R 198.3 mg/g [23] 

Grapefruit peel Crystal violet 254.16 mg/g [25] 

Cucumis sativa fruit 

peel 
Malachite green 36.23 mg/g [26] 

Pomelo peel Methylene blue 133 mg/g [27] 

Activated carbon from 

pomelo peels 
Malachite green 178.43 mg/g [28] 

Coffee wastes carbon 

and red mud 

composite 

Reactive red 139.5 mg/g [29] 

Sodium alginate and 

wastes of oil extraction 

from almond peanut 

composite 

Methyl blue 222.8 mg/g [30] 

 

3. Conclusions 

 

The pollution of industrial wastewater with 

heavy metals and dyes is a highly important 

environmental problem, because of the propagation of 

the pollution and because of its unfavourable 

consequences. Sustainable wastewater treatment is 

one of the foremost challenges of this century. 

In the past few years, an enormous amount of 

research has been conducted on biosorbents. The 

current review focused on the preparation and 

applications of waste biomass and zeolite adsorbents 

for the sequestration of heavy metals and dyes. 

Biosorbents, agricultural waste materials and 

lignocelluloses waste biomass have been widely used 

for dye and heavy metal sequestration from 

wastewater. 

Due to the low cost and good absorption 

capacity, the sorbents derived from waste products 

are promising biosorbent materials. Tea consumption 

is global and tea waste can be easily purchased, so it 

can be stated that tea waste has a high potential for 

applications in wastewater treatment. Carrot residues 

are also biodegradable and low-cost biosorbents with 

a good potential to remove heavy metals. 

Use of bentonite to the treatment of wastewater 

containing reactive dyes in aqueous solutions was 

also presented in this study. The use of bentonite as 

an inexpensive sorbent for the removal of Remazol 

Brilliant Blue R (RBBR) from synthetic aqueous 

solutions was studied in batch conditions. The 

influence of some parameters such as: pH, initial dye 

concentration, sorbent mass on sorption kinetics for 

dye removal were investigated. The research studies 

presented in this chapter show that bentonite is an 

effective adsorbent for the removal of Remazol 

Brilliant Blue R dye from aqueous solutions. There is 

a variety of aspects that should be taken into account 

for achieving maximum removal of both dyes and 

heavy metals. Achieving a combinatorial optimality 

between the biosorption parameters and removal 

efficiency remains a challenging task for the 

researchers. 

The reviewed literature proved that instead of 

many chemicals, non-hazardous materials can be used 

as heavy metal and dyes removers from wastewaters 

and industrial effluents to overcome water pollution. 

The use of non-conventional, low-cost biosorbents 

has many benefits, including low investment cost, 

simplicity of operation and a remarkable 

performance. 

 

Appendices and Nomenclature 

 

Clinoptillolite (CLP) 

Carrot residues (CR) 

Green tea waste (TW) 

Remazol Brilliant Blue R (RBBR) 
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