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Abstract: One of the most common indoor air pollutants is particulate matter, which was 

measured in a metalworking workplace for three days at different operation capacities. These 

preliminary measurements were performed to describe the typical pollution levels of the 

specified workplace. Air quality limits at workplaces refer to an 8-hour average, so an on the 

fly calculation method was tested to predict the average concentration. Based on the meas-

ured and calculated information, a three-stage light indicated the level of air pollution. Addi-

tionally, the possibilities of reducing air pollution were defined. 
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INTRODUCTION 

There is an increasing interest in outdoor dust pollution [1–12], but in order to protect 

human health, we must not forget the importance of indoor air quality, including the 

workplaces [13–16]. With the spread of low-cost sensory measurement technology, 

it has become available to sense the air quality in our homes or workplaces. Work-

place air can be loaded from several sources by gaseous and solid pollutants. The 

concentration measurement of particulate matter was performed for three working 

days in a metalworking workshop using a measuring device with a microcontroller-

based particulate matter sensor. The possibility of how it can contribute to the im-

provement of air quality was investigated. 

 

1. MATERIALS AND METHODS 

1.1. Measuring device 

A microcontroller-based measuring device containing PMS7003 low-cost sensor 

was utilized for indoor air pollution measurement. The general layout has already 

been published in another study [17]. In addition to the measurement of particulate 

matter, the temperature, humidity, and pressure values were measured by a BME680 
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sensor. An Arduino Nano microcontroller controlled the operation of the sensors and 

processes the gathered data. To record time and save timestamps to an SD card, a 

DS3231 based real-time clock was also connected to the microcontroller. A three-

stage coloured lamp indicator was added to the measuring device to indicate the con-

centration level of the particulate matter during the measurement. The green, yellow, 

and red indicator lights switched through IRF510 transistors by the microcontroller. 

The indicator light operated at 12 V, the Arduino, PMS7003 and microSD card 

reader operated at 5 V, while the BME680 and DS3231 at 3.3 V. The schematic 

drawing of the measuring device, including the above-mentioned components, is 

shown in Figure 1. 

 

 
Figure 1 

Schematic drawing of measuring device 

 

The sensors were placed in lamellated housing for proper airflow and protection 

from direct physical impact. The lamp was placed above the lamellar layers, and the 

other components were placed in a lower sealed box. The box and lamella parts were 

printed with a 3D printer using PETG material. 

 

1.2. Calibration method 

The particulate matter sensor has been calibrated to improve the data quality and 

accuracy. Taking into account the study of Sayahi et al. [18], the measuring device 

equipped with a particulate matter sensor was placed in a climate chamber in order 

to control the environmental parameters. The climate chamber used in this study 

creates stable environmental parameters in the interior space of about 850 × 850 × 850 
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mm. Based on preliminary flow tests, the measuring device and the factory-cali-

brated TSI Dusttrack (TSI) dust aerosol monitor as a reference was placed in the 

upper 1/3 of the chamber, because there were the most stable temperature, humidity 

and flow conditions. 

Soot from the combustion of isobutene gas was passed through the observation 

opening of the climate chamber by a fan, thus increasing the concentration of particu-

late matter inside. The decrease of the elevated PM10 (the concentration of particulate 

matter below 10 µm in diameter) concentration was recorded with the measuring 

device and the TSI reference.  

Figure 2 shows the relationship between the PM10 concentrations measured by 

the PMS7003 and the TSI (circle). The calibration function determined from that can 

be expressed as y = 0.58 × x + 0.01. The calibration result utilizing this equation is 

also depicted (square). At 95% the confidence interval is calculated to 2.48 µg/m3. 

 

 
Figure 2 

Results of PM10 calibration measurements 

 

PM2.5 and PM1 calibrations were made with the same methodology as above. The 

calibration functions were used during the data processing of the microcontroller, so 

the already calibrated values were recorded in the work environment. 

 

1.3. Measurement location and time 

The measuring device, equipped with a lamp and a calibrated particulate matter sen-

sor, was placed in a metalworking workshop. During the measurements, the main 

work processes were cutting, turning, and welding. The measuring unit was placed 

at the inspiratory height (160 cm) equally far from each workstation. 
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Table 1 

Measurement date, duration, and dust generating work operation capacity 

No. Date Duration Operation capacity 

#1 21. 12. 2020. 6 hour 40 minutes full 

#2 22. 12. 2020. 8 hours 5 minutes half 

#3 23. 12. 2020. 5 hours 34 minutes zero 

 

Measurements were performed with the installed measuring device on three working 

days as Table 1 shows. On the first day, 21 December 2020, the workshop was operating 

at full capacity, cutting, and welding work was carried out. On the second day, 22 

December 2020, they worked on semi capacity, and on the third day, 23 December 

2020, no work was carried which usually generates dust. The latter is therefore a 

baseline and the former are a period of peak and average concentration. 

 

1.4. Threshold concentration 

The Hungarian legislation [19] determines the allowable average concentration for 

particulate matters. The allowable average concentration is the concentration of an 

air pollutant in the workplace’s air which does not normally have an effect on the 

health of workers. Besides specified particulate matter materials (graphite powder, 

quartz, etc.) for the other inert powders the allowable average concentration is 10,000 

µg/m3 inhalable concentration (PM100) and 6,000 µg/m3 respirable concentration 

(PM4). The calculation equivalence is the following:  

 𝐶𝑎𝑣𝑔 = 𝐶1 ∗ 𝑡1 + 𝐶2 ∗ 𝑡2 + ⋯ + 𝐶𝑛 ∗ 𝑡𝑛𝑡1 + 𝑡2 + ⋯ + 𝑡𝑛  

 

where, Cavg is the average concentration and C1, C2 … Cn are the concentration for 

the period t1, t2 … tn, and t1+t2+…+tn = 8 hours. 

Focusing on the working processes, the allowable concentrations can be stricter. 

The American Conference of Governmental Industrial Hygienists (ACGIH) recom-

mends a TLV-TWA (Threshold Limit Value-Time Weighted Average) of 5,000 

µg/m3 for total welding fume, assuming that it contains no highly toxic components 

[20, 21]. Interestingly, the WHO recommends the outdoor 24-hour concentration 

limit value for PM10 as 50 µg/m3 and for PM2.5 as 25 µg/m3 [22].  

 

1.5. Data processing method 

The calibrated minutely mean values of the measuring device were smoothed. The 

actual value was smoothed based on the weighted values of the past 10 minutes. 

Predicted values were calculated using the smoothed values as the expected aver-

age concentration value over the entire 8-hour working time, assuming that the par-

ticulate matter concentration remains at the current measured value during the re-

maining period of the working time. Based on the Hungarian legislation calculation 

equivalence of the predicted average concentration (Cpred) is the following: 
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𝐶𝑝𝑟𝑒𝑑 =  𝐶𝑒𝑙𝑎𝑝𝑠𝑒𝑑 ∗ 𝑡𝑒𝑙𝑎𝑝𝑠𝑒𝑑 + 𝐶𝑝𝑟𝑒𝑠𝑒𝑛𝑡 ∗ 𝑡𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔𝑡𝑒𝑙𝑎𝑝𝑠𝑒𝑑 + 𝑡𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔  , 
 

where telapsed + tremaining = 8 hours. 

As the predicted average concentration is calculated on the fly by the microcon-

troller, the indication light changed the color based on this value to show the rela-

tionship to the limit values, allowable average concentration. 

 

2. RESULTS 

Data from the three measurement days were evaluated. The first day covers 6 hours 

and 40 minutes, the second day covers the entire 8 hours of work, and the third day 

covers 5 hours and 15 minutes. 

 

 
Figure 3 

Results of PM10 calibration measurements 

 

Figure 3 shows the smoothed and predicted PM10 concentrations measured on three 

days with different operational capacities. On the first day, we can observe that the 

predicted data show less than the smoothed data in the ascending sections, and then 

from 12:30 onwards in the decreasing section they show a higher value than the cur-

rent one. The reason for this is that the predicted values take into account the earlier 

time intervals, i.e. in this case also the periods where higher concentrations were 

measured. At the end of the measurement time it indicates the average value for the 

whole measurement period. At the beginning of the measurement, some outliers are 

displayed, which may be due to some direct, nearby contamination. On the second 
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day, the smoothed and predicted data show similar trends as the first day but in lower 

levels. During the third day concentrations did not increase significantly, so smoothed 

and predicted values show a similar trend and remain under 300 µg/m3 throughout the 

investigated period. 

Table 2 shows the maximum, average, and the last predicted PM10 concentrations 

of the three days. Based on the known operation capacity the levels of pollution as-

sociated with the characteristic of the shift may be defined. The basic level of pollu-

tion is under 200 µg/m3 average concentration as the operation is zero, the medium 

level of pollution is under 600 µg/m3 average concentration and the high level of 

pollution is over 900 µg/m3 maximum concentration. The pollution level of an 8-

hour shift above is typical just for the investigated metalworking workshop. Based 

on the defined pollution levels the coloured indicator lamp’s operation may be de-
termined with the on the fly calculated predicted concentration. 

The average and the last predicted concentrations are different except for the 

second day, which covers the entire 8-hour period, which supports the correctness 

of the prediction. 

Table 2 

Maximum, average and the last predicted PM10 concentrations on the three days 
No. Date Cmax [µg/m3] Cavg [µg/m3] Cpred [µg/m3] Pollution level 

#1 21. 12. 2020. 1,394.1 962.4 928.4 High 

#2 22. 12. 2020. 1,004 586.6 586.7 Medium 

#3 23. 12. 2020. 261.9 170.7 170.3 Basic 

 

 

 
Figure 4 

Predicted PM concentration on 21. 12. 2020 
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Figure 4 shows the predicted concentration of PM10, PM2,5 and PM1 on 21. 12. 2020, 

which was a day with a high pollution level. Due to their definition, the highest 

values are the PM10 values. The allowable average concentration level was not 

reached by any PM component on any day. The indicator lights can glow green, 

yellow or red in individual ways, depending on the concentration levels found in 

the workplace. 

 

CONCLUSION 

The low-cost sensor based measuring device equipped with a microcontroller and 

an internal clock operated without failure during the three measurement days and 

recorded the data with a time stamp. Measured data were smoothed and predicted on 

the fly. Smoothed data shows the actual concentrations. This information can be use-

ful to control a ventilation system and allows for quick intervention to reduce the 

pollution level. The predicted values illustrate the expected particulate matter load 

over the entire working time and show the average of the actual 8 hours by the end 

of the day. The three different operation capacity of the days defined the three levels 

of pollution of the metalworking workshop. The indicator lights should be pro-

grammed based on the predicted data. If the data reache the defined pollution levels 

the lights can immediately show the workers the expected air load for the full-time 

work period. From the predicted data, the last value of the working time is recom-

mended for long-term observations, so the 8-hour average values measured on each 

working day can be fed into the company’s monitoring system and can be tracked 

by the environmental officer. A Wi-Fi module installation is recommended to solve 

the data transfer. Thanks to the protective housing, the measuring device can also be 

used in industrial environments, and the digital output of the Arduino can be con-

nected to the ventilation controller to keep the particulate matter concentration at a 

lower level in the workplace.  
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Abstract: The development of modern technologies requests increasing demand for rare 

earth elements (REEs) and noble metals (NMs). That has spurred mining activities and has 

released metals into the environment as a consequence. Phytoextraction uses plants to accu-

mulate metals into their shoots enabling metal removal from brownfields (phytoremediation) 

or recovery of valuable metals (phytomining). Nevertheless, the occurrence and distribution 

of NMs, REEs in biomass coming from contaminated lands have not been intensively inves-

tigated yet. 

In this study, different types of woody biomass including root, trunk, branches, and leaf 

were collected from a metal-polluted location in Gyöngyösoroszi, Hungary. Afterward, the har-

vested plants were combusted at 500 °C to generate ashes for ICP (Inductively Coupled Plasma) 

analysis. Elemental analytical results show that a couple of NMs such as Ag, Au, Pt were found 

and distributed differently in various biomass ash samples. In specific, the highest Ag concen-

tration is around 5.4 mg/kg achieved in the root ash. Meanwhile, the greatest number of Au and 

Pt is about 1.8 mg/kg obtained in the trunk and leaf ash respectively. Besides, several REEs 

with substantial quantities were identified in the contaminated biomass ashes. The significant 

results observed in the root ash are approximately 47.8 mg/kg Ce and 30.5 mg/kg Nd. The 

concentration of REEs in root ash is higher than in the above-ground biomass ash with the 

decreasing order of root ash, leaf ash, trunk, and branches ash. It can be explained by the distri-

bution of REEs in root or leaf is usually greater than other plant parts. These valuable findings 

indicate that phytomining is a promising approach for recycling NMs, REEs from soils via 

plants. Moreover, solid residues obtained from polluted biomass are potential metal resources.  

Keywords: Biomass, noble metals, rare earth elements, phytoextraction, phytomining 
 

 

INTRODUCTION 

Nowadays, in the context of industrialization and urbanization, the concentration of 

metals in soils has been increasing significantly resulting in environmental problems 

and brownfield lands [1]. According to the reported data, more than one-third of the 
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global land is polluted [2]. The real number even could be greater than what has been 

unveiled so far. On the other hand, the growth of metals in soil surface simultaneously 

provides the opportunity for extracting metals from contaminated areas. 

Phytoextraction using plants to accumulate metals from soils for removing metals 

from brownfields refers to phytoremediation [3]–[5]. Additionally, this technique of-

fers the possibility for exploiting valuable metals from mill tailings, overburdens, low-

grade ores, or mineralized soil that is not economic by traditional mining methods re-

ferred to as phytomining [6]–[8]. Phytoextraction has been proven as an effective, 

environmentally friendly, safe, and low-cost soil remediation technology [9]–[11], 

as well as the potential for recovering metals from secondary resources [12]–[14]. 

Nonetheless, most studies focus on heavy metals such as Ni, Zn, Cd, etc [15]–[19], 

meanwhile, less attention has been paid in the case of valuable metals including NMs 

and REEs [20]–[22]. The presence of NMs and REEs in plants was reported in some 

studies [6], [23]. Concentrations of these valuable metals have been barely investi-

gated showing disparities between different plant parts. Several investigations have 

verified that the concentration of NMs in the below-ground part (root) is usually 

higher than in the above-ground parts (stems, leaves) [21], [24]. On the other hand, 

other studies have verified the declining REEs concentrations in the order of leaf > 

root > stem [25], [26]. 

This research investigates the occurrence and distribution of metals comprising 

NMs and REEs in ligneous plants gathered from a polluted site. In the whole picture 

of phytomining, plants used for phytoextraction are combusted, following that NMs, 

REEs are reclaimed from the solid remains. Before the combustion of contaminated 

biomass is conducted, analyzing valuable metals in ash samples obtained by ashing 

polluted biomass is essential. This analysis assists to evaluate the feasibility of the 

phytomining technique and determine the possibility of the further process of com-

bustion.  

 

1. MATERIAL AND METHOD 

The source of the biomass utilized in this study is brownfield land in Gyöngyösoro-
szi, Hungary. In fact, it is an abandoned mining area where industrial lead and zinc 

production was operating until 1986. The common ligneous plant species living there 

are oak, pine, wattle, walnut, birch, poplar, and bushes, etc. Different plant parts 

comprehending root, trunk, branches, and leaf have been collected. The collected 

woody biomass was cleaned and washed in the case of root samples. They were left 

at the laboratory under natural conditions in a few weeks for air drying. Afterward, 

the collected plants have been dried in the oven at 105 °C for 24 hours. This was 

followed by two-stages ashing processes in the furnace. In the first stage, the dried 

samples were heated for 2 hours at 250 °C with a heating rate of 50 °C/h. In the 

second step, the process was continued under the following conditions: heating rate 

50 °C/h up to 500 °C, 4 hours waiting at 500 °C. The operation was run twice to 

ensure carbon-free ash samples. The ashing temperature of contaminated biomass is 

based on some published studies [27], [28]. 
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The chemical analysis of ash samples was performed by an individual company 

in Hungary, using Perkin Elmer Avio 200 inductively coupled plasma-optical emis-

sion spectrometer (ICP-OES). For the calibration of the measurement, an ICP-OES 

inner standard solution (Lutecium) was used. The samples were prepared based on 

the Hungarian standard MSZ EN 13346:2000. The analytical scale was used for tak-

ing 5 g samples for analysis. The preparation was carried out by microwave digestion 

with a Berghof Speedwave 4 laboratory equipment, using nitric acid (2 ml, 67% 

concentrated) and hydrochloric acid (6 ml, 36% concentrated) solvents. The diges-

tion and dissolution time were 30 minutes at 180 °C. The solution was filled up to 

50 ml with 5% concentrated nitric acid after the filtration process using MN616 fil-

ters. The concentration of 38 elements including REEs (Ce, Dy, Er, Eu, Gd, Ho, La, 

Nd, Pr, Sc, Sm, Tb, Tm, Y, Yb), NMs (Ag, Au, Ir, Os, Pd, Pt, Ru, Rh), and others 

(Cd, Co, Cr, Fe, Mg, Mn, Mo, Na, Ni, Pb, Th, Ti, U, V, Zn) was assigned to identify 

due to their essentials, high economic value, or toxicity. 

 

2. RESULT AND DISCUSSION 

The ICP spectrometry analysis results regarding metal content (up to 38 elements) 

in ash samples of different types of biomass namely root, trunk, branches, and leaf 

collected from the contaminated location are given in two tables corresponding to 

two metal groups. The first metal group shown in Table 1 summarizes elements that 

are below the detection limit (BDL) in each sample. It can be seen that several NMs 

(Ir, Os, Pd, Rh, Ru) belong to this group along with a couple of REEs (Ho, Pr, Tb, 

Tm) and other metals (Th, U). These metals were not used for further evaluations. 

 

Table 1 

Metals below the detection limit in ash samples of gathered polluted biomass  

Element Concentration (mg/kg) 

Symbol Name Root ash Trunk ash Branches ash Leaf ash 

Ir  Iridium <2* <1* <1* <1* 

Os  Osmium <1.5* <1.5* <1.5* <1.5* 

Pd Palladium <2* <1* <1* <1* 

Rh  Rhodium <1* <1* <1* <1* 

Ru  Ruthenium <2* <2* <2* <2* 

Ho  Holmium <1* <0.5* <0.5* <0.5* 

Pr  Praseodymium <5* <3.5* <3.5* <3.5* 

Tb  Terbium <1* <1* <1* <1* 

Tm Thulium <0.5* <0.5* <0.5* <0.5* 

Th Thorium <6* <3* <3* <3* 

U Uranium <10* <10* <10* <10* 

* The concentration of the metal is BDL (below the detection limit), which is the limit that the concen-

tration can be differentiated from the background noise. 
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The second metal group consisting of some NMs (Ag, Au, Pt), REEs (Ce, Dy, Er, 

Eu, Gd, La, Nd, Sc, Sm, Y, Yb) and others (Cd, Co, Cr, Fe, Mg, Mn, Mo, Na, Ni, 

Pb, Ti, V, Zn) which are detectable in at least one sample. These elements depicted 

in Table 2 were used for further investigations. In each metal group, the concen-

tration magnitudes were colored in the increasing order of green-yellow-red. 

A couple of NMs such as Ag, Au, Pt were detected and distributed differently in 

various biomass ash samples (Figure 1). The highest content was 5.369 mg/kg of Ag 

achieved in the root ash. The other woody ashes (trunk ash, branches ash) performed 

the same level of 1 mg/kg Ag. While the maximum concentration of Au obtained in 

trunk ash was 1.880 mg/kg. Au grade of the others ranges from 0.774 to 1.322 

(mg/kg) in an ascending sequence: branches ash < leaf ash < root ash. The measure-

ment also shows a considerable amount of Pt was obtained in the collected biomass 

ashes; its concentrations were in decreasing order of leaf ash (1.848 mg/kg), trunk 

ash (1.587 mg/kg), and branches (1.002 mg/kg). 

Table 2 

The concentration of detectable metals in ash samples of gathered polluted biomass 

Element Concentration (mg/kg) 

Symbol Name Root ash Trunk ash Branches ash Leaf ash 

Noble metals 

Ag  Silver 5.369 1.000 1.000 <0.5* 

Au  Gold 1.322 1.880 0.774 1.215 

Pt  Platinum <3* 1.587 1.002 1.848 

Rare earth elements 

Ce  Cerium 47.755 3.136 2.991 4.557 

Dy Dysprosium 3.942 <1* <1* <1* 

Er Erbium 1.897 <1* <1* <1* 

Eu  Europium 1.660 <0.25* <0.25* <0.25* 

Gd Gadolinium 6.467 <0.5* <0.5* <1* 

La  Lanthanum 20.938 2.558 2.410 3.732 

Nd Neodymium 30.487 1.384 1.538 2.900 

Sc  Scandium 8.168 <0.2* <0.2* <0.2* 

Sm Samarium 7.485 <0.5* <0.5* 0.549 

Y  Yttrium 19.599 1.000 1.344 3.479 

Yb Ytterbium 1.654 <0.2* <0.2* <0.2* 
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Element Concentration (mg/kg) 

Symbol Name Root ash Trunk ash Branches ash Leaf ash 

Other elements 

Cd  Cadmium 170.898 182.909 79.557 82.590 

Co  Cobalt  7.342 2.488 1.811 6.677 

Cr  Chromium  14.444 3.082 1.606 4.652 

Fe  Iron 29,325.561 690.910 605.501 1,254.860 

Mg  Magnesium 18,839.407 22,781.691 21,641.779 24,486.568 

Mn  Manganese 1,241.806 955.740 1,028.223 1,249.890 

Mo  
Molyb-

denum 
1.773 1.360 2.504 0.576 

Na  Sodium  1,092.936 3,134.986 965.733 1,030.830 

Ni  Nickel 9.752 2.553 4.210 6.823 

Pb  Lead 2,289.551 35.294 20.042 12.430 

Ti  Titanium 259.383 16.010 17.426 26.682 

V  Vanadium 31.452 <1* <1* <1* 

Zn  Zinc 27,237.674 6,177.369 6,765.875 8,869.407 

* The concentration of the metal is BDL (below the detection limit), which is the limit that the concen-

tration can be differentiated from the background noise. 

 

 

 
Figure 1 

The concentration of NMs in contaminated biomass ash samples  
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Figure 2 

The concentration of REEs in contaminated biomass ash samples 

 

Several REEs with substantial quantities were identified in the contaminated biomass 

ashes. A few elements comprehending Ce, Nd, La, and Y which presented in all the 

ash samples. The other metals except Sm were only detectable in the root ash as seen 

in Figure 2. Furthermore, the figure indicates that the concentration of REEs in root 

ash is higher than in the above-ground biomass ash with the following order: root ash 

> leaf ash > trunk, branches ash (trunk ash and branches ash performed the same trend). 

That can be explained by the distribution of REEs in root or leaf is usually higher than 

other plant parts. The significant results observed in the root ash were 47.755 mg/kg 

Ce, 30.487 mg/kg Nd, 20.938 mg/kg La, 19.599 mg/kg Y. Meanwhile, REEs were 

modestly distributed from 0.549 to 4.557 mg/kg in the other samples. 

Other elements including heavy metals were also analyzed in this study. Their 

concentrations varied in a wide range of 0.576 ÷ 29,325.561 mg/kg. The notable 
findings were 29,325.561 mg/kg Fe and 27,237.674 mg/kg Zn in root ash; 

24,486.568 and 22,781.691 mg/kg of Mg in leaf ash and trunk ash respectively. On 

the basis of Figure 3, to some extent, the contents of these elements in the aerial 

tissue ash comprising trunk ash, branches ash, leaf ash presented the similarity. It 

was likely smaller than the concentrations in the root ash (as seen, the dark point 

mainly above the others). 

 

 
Figure 3 

The concentration of other elements in contaminated biomass ash samples 
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CONCLUSIONS 

Chemical analysis results revealed that NMs were detectable in the contaminated 

biomass ash incinerated at 500 °C. In particular, 5.369 mg/kg of Ag and 1.322 mg/kg 

of Au were found in the root ash. Meanwhile, in the ash of the trunk Ag, Au and Pt 

were observed at levels of 1; 1.88; and 1.587 mg/kg respectively. A considerable 

amount of REEs was identified in the ash samples. The concentration of these ele-

ments in the root ash is greater than in the ash of above-ground plant parts in the 

decreasing order: root ash > leaf ash > trunk, branches ash. This is in complete agree-

ment with the previous studies [29], [30]. Large quantities of other metals including 

heavy metals were also identified in the polluted biomass ash samples. To some ex-

tent, their concentrations performed the similarity in aerial tissue ashes and were 

likely smaller than the metal contents in the root ash. 

The detections of NMs and REEs in the contaminated biomass ashes lay the 

groundwork and demonstrate the viability of phytomining in recovering valuable 

metals. In the following stage, the polluted plants will be combusted. Solid remains 

such as bottom ash, fly ash, deposited ash from different positions in the combustion 

and flue gas system would be collected and analyzed. Based on the elemental analysis 

outcomes, further directions would be defined. 
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Abstract: Expendable sand cores have to meet several criteria to be suitable for forming the 

internal cavities of castings. The main characteristics of cores are the mechanical properties 

and thermal behavior during thermal loading. In this article, cold box sand mixtures with 

different binder and hardener content were investigated in terms of bending strength, col-

lapsibility, and thermal distortions. The research was motivated by an industrial problem: 

during the production of a turbocharger casting, problems with the collapsibility were raised. 

To study the hardening characteristics-, the retained bending strength, and the thermal be-

havior of the sand cores containing different amounts of binder and hardener, bending tests, 

collapsibility tests, and hot-distortion tests were conducted. 

Keywords: cold box sand mixtures, binder and hardener content, collapsibility, bending 

strength test, hot distortion test  
 

 

INTRODUCTION 

During casting production, it is essential from the economic and technological point 

of view to form the internal cavities of castings that are most often provided by using 

expendable sand cores. Requirements against the sand cores are twofold, in addition 

to the sufficient initial-, and final strength, they must also have sufficient thermal 

strength [1]. 
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The general requirements for sand cores are as follows: 

‒ sufficient dry strength (i.e. strength in the hardened state) of sand cores con-

taining a low amount of binder according to economic and environmental 

specifications; 

‒ sufficient hot strength to withstand the erosion and thermomechanical loads 

induced by the flowing liquid metal during the pouring; 

‒ low gas evolution; 

‒ the applied binder system must have a low amount of harmful substances; 

‒ ease of removability from the casting = good collapsibility; 

‒ good reclaimability [2], [3], [4]. 

It is very important to apply the right quality and quantity of binder during the 

coremaking process to coat sand grains and to ensure good cohesion between the 

sand particles. During casting, sand cores are exposed to the heat of the high-tem-

perature metal, so they must have good thermal stability/thermal resistance to main-

tain the required dimensional accuracy. However, after the pouring, it is essential 

that the existing cohesion force between the sand grains is ceased by the burn-out of 

the binder, thus making it possible to easily remove the sand core from the casting 

[5], [6]. 

To investigate the collapsibility of the chemically and inorganically bonded sand 

cores, several methods are applied. The most common method is the evaluation of 

the residual strength of the standard sand specimens after the thermal loading in a 

pre-heated furnace. Earlier studies have shown that the strength of the organically 

bonded sand cores can be increased under short-term thermal loading since the cross-

linking of the binder did not undergo completely in sand cores stored at room tem-

perature. In the case of the phenolic resin bonded cold-box sand cores, a significant 

decrease in the strength of specimens was observed after 10 minutes of thermal ex-

posure. During the research works, sand specimens were heated at a temperature 

range of 400–450 °C for different periods of time (2.5, 5, 7.5, 10, 15, 20, 25, 30 
minutes) [7], [8].  

The present research work was an attempt to provide solution proposals about a 

collapsibility problem of the cold-box sand cores raised in a foundry. Two sand cores 

with nearly similar geometry were studied (Figure 1). These cores, also called “snail-

shaped sand cores”, are used to form the internal cavities of automotive turbochargers. 

 

 

         
Figure 1 

The geometry of sand cores  
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1. MATERIALS AND METHODS 

1.1. Investigated materials 

Medium Silica Sand was used as refractory aggregate for producing the standard 

sand specimens. The quartz sand is characterized by three characteristic grain size 

fractions: 0.315/0.20/0.16 mm. The foundry sand was sub-rounded shaped with an 

average grain size 0.22 mm. The measured specific surface area with Blaine method 

was 122 cm2/g. The LOI (loss on ignition) of sand samples was 0.1%. Figure 2 shows 

the stereomicroscopic image of the quartz sand grains at a magnification of 20×. 

 

 
Figure 2 

Stereomicroscopic image of the investigated sand at 20× magnification 

 

In the experiments, specimens for the bending tests, collapsibility tests, and hot dis-

tortion tests were prepared from polyurethane cold box sand core mixtures contain-

ing four different binder-to-hardener ratios. In Table 1 the compositions of the sand 

core mixtures are summarized.  

Table 1 

Composition of the sand core mixtures 

 Binder content  

(based on weight  

of sand, wt. %) 

Hardener content 

(based on weight  

of sand, wt. %) 

1. 0.6 0.4 

2. 0.6 0.5 

3. 0.6 0.6 

4. 0.5 0.5 

 

The sand mixtures were blended using batch sand mixer equipment. 2 kg of quartz 

sand was used for the preparation of each sand core mixture. First, the hardener 

(which included the isocyanate component of the binder system) was added to the 

sand and mixed for 1 minute, followed by the binder, which was blended for an 

additional 1 minute.  
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Test specimens were produced from the core mixtures using a Multiserw Morek 

type core shooting machine. Table 2 shows the technological parameters that were 

applied during the cold box coremaking process. These parameters were the same as 

the operating conditions used in the foundry. 

Table 2 

The used technological parameters 

Shot time [s] 2.0  

Amine quantity [ml] 1.5 

Time after shot [s] 18  

Shot pressure [bar] 6  

 

 

 
Figure 3 

The Universal Core Shooter by Multiserw-Morek [9] and  

three pieces of standard cross-sectioned samples for bending strength test 

 

1.2. Bending-, and collapsibility tests 

The bending test provides a good characterization of the bonding strength of the 

binder, which connects the sand grains in the specimens. The strength of the sand 

cores is influenced by several factors: the granulometric-, chemical and thermophys-

ical properties of the foundry sand as well as the amount and quality of the compo-

nents of the applied binder system [10].  

To study the hardening characteristics of the cold box sand cores containing dif-

ferent ratios of the binder and hardener, 3-point bending tests were conducted with 

a MULTISERW LRu-2e universal strength testing machine (Figure 4). Tests were 

performed on test bars having dimensions of 22.5 × 22.5 × 180 mm. The bending 

strength of the specimens was measured immediately after the production of the test 

bars and after storage times of 1 h, 4 h, and 24 h. The results of the bending strength 

after 1 h give information about the handling strength of the sand cores. The analysis 

of storage time with 24 h gives information about the maximum bending strength 

and storage time of the cold box sand cores. 
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Figure 4 

Universal strength testing machine Lru-2e Multiserw-Morek [9] 

 

According to Dietert [11] the retained strength is a good laboratory measure to eval-

uate the collapsibility of a sand core mixture. For the measurement of the retained 

strength of specimens, they need to be heated over a range of temperatures in a fur-

nace. After cooling down of the specimens, strength properties can be evaluated. 

This kind of test can be used for the comparison of different binder types. 

During the experiments, bending test bars were produced from cold box sand core 

mixtures containing different binder and hardener ratios (see Table 1.). Specimens 

have been stored for 4 h and 24 h then they were placed into a furnace pre-heated up 

to 400 °C. Test bars were heated for different periods of time (5 min., 7.5 min., 10 
min., 12.5 min.) followed by a cooling down period of 1 h. Adoption of the produc-

tion parameters of previous work of other researchers are used in this work [7], [8]. 

Bending tests were performed to obtain the retained strength of the specimens. 

 

1.3. Hot distortion test 

The hot distortion test gives information about the thermal behavior of the chemi-

cally bonded sand cores when they are exposed to heat. Several methods were de-

veloped to investigate the hot distortion properties of sand cores [12].  

In our experiments, hot distortion tests were conducted using a Simpson Gerosa 

Hot distortion Tester (Figure 5).  

 

 
Figure 5 

The BCIRA hot distortion tester [14] and  

the sample holder part of the hot distortion test apparatus 
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Tests were performed on samples after a storage time of 4 h and 24 h. The technolog-

ical parameters were adopted from the recent work of other researchers [7]. The spec-

imens dimensions are 114.3 × 25.4 × 6.35 mm [13]. 
The device measures the deformation and the breakdown time of the specimens 

when they are exposed to heat [5]. The complete description of the operation of the 

Hot distortion Tester can be found in the literature [15]. 

 

2. RESULTS 

2.1. Results of the bending strength test 

Figure 6 shows the results of the bending tests. 

 

 
Figure 6 

Bending strength test results (immediately, after 1, 4, and 24 hours) 

 

The initial strength of the sand specimens containing 0.6-0.5 binder-hardener ratio 

was the highest. Despite the initial low strength of the samples with 0.6-0.6 binder-

hardener ratio, the bending strength measured after 1 hour was the highest from all 

of the investigated samples. After a storage time of 4 hours, the strength growth in-

crease, and the bending strength is increasing continuously thereafter during the 24 

hour storage time. Interestingly, the shape of the curves (i.e., the hardening charac-

teristics) are similar when the binder and the hardener are used in equal quantities 

(0.6-0.6 and 0.5-0.5). On the other hand, when the binder is in excess, the curves 

show continuous hardening without the strength peak at 1 hour. This indicates that 

the kinetics of hardening are rather sensitive to the applied binder-to-hardener ratio. 

It can be concluded that the cold box sand cores provide good storage ability.  

Results of the collapsibility tests are summarized in Figure 7 in the case of the 

specimens stored for 4 hours and Figure 8 in the case of the samples stored for 24 

hours. 
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Figure 7 

Bending strength test results (heat load; after a storage time of 4 h) 

 

 

  
Figure 8 

Bending strength test results (heat load; after a storage time of 24 h) 

 

In the case of all sand mixtures, stored for 4 hours and then heated up to 7.5 minutes, 

an increase in bending strength can be observed. This is caused by the post-curing 

phenomenon of the organic resin. After the heating time of 7.5 minutes, a continuous 

decrease in the bending strength of the samples can be found. 

Based on the results, the hardener content and the degree of post-curing are pro-

portional to each other. Higher hardener content results in a higher degree of post-

curing. When the binder and hardener are used in equal quantities, there is a signifi-

cant post-curing; while this statement is not valid when there is excess binder in the 
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system. The post-curing is lesser or even avoided when the binder is in excess, which 

clearly improves collapsibility. 

It can be noticed that except for the specimens characterized with a 0.6-0.4 

binder-to-hardener ratio, the bending strength values after heat loading are higher for 

all mixtures stored for 24 hours. In the case of specimens with a 0.6-0.4 binder-to-

hardener ratio, it can be observed that increasing the heating time results in a contin-

uously decreasing retained bending strength of the samples.  

Apart from the specimens containing a 0.6-0.4 binder-to-hardener ratio, the bend-

ing strength of all samples after heat loading of 7.5 minutes are higher than 200 N/cm2.  

It is important to know that in the foundry where the collapsibility problem of the 

sand cores was found, the pouring time of the automotive turbochargers is less than 

7.5 minutes. From the results of the collapsibility tests, it can be clearly seen that the 

longer the storage time of the cold box sand cores, the more likely it is that there will 

be a knock-out problem after casting due to the higher bending strength values. 

 

2.2. Results of the hot distortion tests 

Figure 9 shows the hot distortion test results in the case of specimens that have been 

stored for 4 h, while Figure 10 presents the results of the hot distortion tests con-

ducted on samples stored for 24 hours. 

 

 
Figure 9 

Hot distortion test results (after a storage time of 4 hours) 

 

 

The results of the performed hot distortion tests show one of the advantages of the 

cold box coremaking technology. It can provide good dimensional accuracy and di-

mensional tolerances for the sand cores. From Figure 9 and Figure 10, it can be 

clearly seen that the cold box sand specimens, exposed to heat during the tests, show 

good thermal deformation resistance. 
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Figure 10 

Hot distortion test results (after a storage time of 24 hours) 

 

Maximum deformation of the heated samples is lower than 1 mm. Furthermore, this 

deformation stage takes place in a very short time (see Table 3) The sand specimens 

containing 0.6-0.5 binder-hardener ratio, which have been stored for 4 hours, show 

the highest deformation value. The hot distortion test of the specimens that have been 

stored for 24 hours reflects lower thermal deformation resistance than in the case of 

the samples stored for 4 hours. 

The time of hot distortion tests is relatively short, which shows poor thermal sta-

bility of the cold box sand specimens against the heat loading. However, it is essen-

tial to note that in some cases, the breakdown failure of the samples was not taken 

place during the heat loading. Specimens were characterized by plastic deformation. 

From the results, it can be observed that the higher hardener content resulted in 

higher degradation time, which results in higher thermal stability in the case of spec-

imens stored for 4 hours. This tendency can also be seen in the case of the specimens 

that have been stored for 24 hours. 

Table 3 

Data of the hot distortion test result 

Binder-hardener  

ratio 

Max. deformation, 

mm 

Time, s 

0.6-0.5 (4h) 0.7014 9 

0.6-0.5 (24h) 0.8596 11 

0.6-0.4 (4h) 0.6731 9 

0.6-0.4 (24h) 0.8221 9 

0.6-0.6 (4h) 0.5769 7 

0.6-0.6 (24h) 0.8933 12 

0.5-0.5 (4h) 0.5769 8 

0.5-0.5 (24h) 0.7079 10 
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By summarizing the results of the hot distortion tests, the more reasonable choice of 

the four sand core mixtures is, which has a lower tendency of thermal deformation. 

At the same time, that mixture (0.5-0.5 binder-hardener ratio) has the lowest initial 

bending strength, which is disadvantageous. 

 

CONCLUSION 

Based on the conducted investigations and their results, the following conclusions 

can be drawn: 

1. The binder-to-hardener ratio strongly influences the strength properties, col-

lapsibility, and thermal behavior of the cold box sand cores. 

2. By increasing the hardener content, higher bending strength can be achieved, 

which improves the resistance against the manipulation during the handling 

process. 

3. The performed collapsibility tests show that the increased hardener content 

results in higher retained bending strength of the sand mixtures, thus making 

it difficult to remove the sand cores from the castings. 

4. The investigated cold box sand specimens are characterized by high thermal 

deformation resistance and low thermal stability. 

5. From the results, it can be concluded that the optimal binder-hardener ratio for 

producing the turbochargers in the foundry is 0.6-0.5 ratio since it provides 

sand cores with good initial and final strength as well as moderate retained 

bending strength after heat loading of the samples. 
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THE LEACHING BEHAVIOUR OF INDIUM AND IMPURITIES  

FROM THE LCD GLASS OF SMARTPHONES AND TABLETS 

 

ISTVÁN B. ILLÉS1 – TAMÁS KÉKESI2 

 

 
Abstract: Primarily, the mechanical removal of LCD panels from smartphones was exam-

ined, and a relatively easy and quick manual method was established. The LCD panels can 

be separated from the rest of the screen in a few seconds. In the cases of more tightly packed 

applications, the whole screen can be directly ground to a fine powder. The separated LCD 

screens were leached in different concentrations of HCl and H2SO4. The latter was found as 

practically more advantageous. Leaching with slightly acidic solutions (0.1 M H2SO4) results 

in longer leaching time, however solutions with higher purity can be obtained. If further pu-

rification is required, a relatively straightforward method of selective hydrolytic precipitation 

has also been examined. The practically recoverable amounts of indium may be close to the 

400 mg/kg level in a dilute sulphuric acid solution containing less than 10 mg/dm3 of total 

impurities (Fe, Zn, Al, Cr, Ni and Cu). 

Keywords: LCD, leaching, indium, recovery 

 

 

INTRODUCTION 

Modern flat screen applications rely on indium (In) metal, in the form of a thin coat-

ing of indium-tin oxide (ITO). This predominant application represents ~ 90% of the 

global consumption of this metal [1]. However, there are no individual indium ores, 

the metal is extracted mainly from the by-products of zinc metallurgy, and to a lesser 

extent from the refining of tin and lead. Yearly consumption of In is around 1,600 

tonnes, with known reserves being only 16,000 tons [2], [3]. Moreover, indium com-

pounds have been found to pose serious health hazards [4], [5]. Thus processing 

LCD waste has an increasingly strong double incentive. The world produces more 

than 50 million tonnes of e-waste every year and this value is growing steadily by 3-

4% on the yearly bases [6]. It is said that screens, small IT-s, telecommunication 

devices account for 10% of the aforementioned amounts. In 2020 around 1.38 billion 

smartphones were sold alone [7]. Hence, this raw material is available abundantly. 
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1. THE REMOVAL OF THE LCD PANELS  

The removal of the indium bearing LCD screen from smart phones (iPhone, Samsung, 

HTC, and Sony), as well as tablets (iPad, Asus and Samsung) made around the years 

2014–2016 were examined with the aim for developing a fast and easy recovery tech-

nique. The smartphones have a tightly packed and well-sealed structure, thus the dis-

mantling of the entire phone may prove difficult. The easiest way was found to open 

up the screen of the devices to pry a screw driver below the top or bottom of the screen 

and lift up the entire screen package. In most cases, the layers of the screen could be 

separated easily, and the LCD components could be extracted. However, in the case 

of more tightly packed screens, the glass layers cannot be separated from each other, 

requiring a special handling. In this case, the raw material was crushed into a fine 

powder (<0.5 mm) in a commercial knife mill. Separated LCD panels were deemed good 

enough to be leached. This separation and preparation process is shown in Figure 1. 

 

 
Figure 1 

The process for extraction of LCD panels from smartphones: a) – the waste 

smartphones, b) – prying the screen open, c) – separated screen block, d) – the lay-

ers of the screen, e) – separated LCD screens, f) – ground glass powder from the 

inseparable screen packages 

a) b) c) 

d) e) f) 
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While the procedure requires manual labour, it takes only 30–60 seconds per applica-

tions to an untrained lab worker. A similar method was used for the removal of LCD 

panels from tablets. In this case, the outer glass shielding was simply cracked, and the 

LCD screens were simply lifted or cut from the frame. It is shown in Figure 2. 

 

   
Figure 2 

The removal of LCD panels from tablets: a) – removal of shielding glass,  

b) – lifting out the LCD screen, c) – separated LCD panels 

 

 

2. THE EXPLORATORY LEACHING PROCEDURE AND RESULTS 

The leaching experiments were carried out in heated conical beakers covered with 

watch glass lids. After proper dilution of the liquid samples, they were analysed by 

Atomic Absorption Spectrometry (Varian SpectrAA 300). The hydrolysis experi-

ments were performed in open beakers at room temperature, applying 1 M NaOH 

neutralizing solution from a burette and stirring at a rate of 150 rpm. 

The total leachable metal content of the LCD glass was determined by applying 

3 M HCl acid at 90 °C for 2 hours with constant stirring at 350 rpm. The batch 

consisted of equal amounts of LCD screens extracted from different smartphones 

and tablets. The liquid/solid ratio was 1 cm3/g. Results are shown in Figure 3. 

 

 
Figure 3 

Average leachable metal content of the LCD panels as extracted  

from the examined smartphones (3 M HCl, 90 oC) 

a) b) c) 
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The average leachable indium content was found to be ~372 mg/kg, similar to that 

of tin and aluminium and iron. The kinetic behaviours associated with the leaching 

of In and the accompanying (impurity) elements were examined with a smaller batch 

of the same LCD mix but applying 2 cm3/g lixiviant ratio at 55 oC. The relative 

recoveries or the ratios of dissolution – referring to the leachable contents – are 

shown in Figure 4. 

 

 
Figure 4 

The kinetics of LCD glass leaching (3 M HCl, 55 oC, 350 rpm.) 

 

It can be seen, that 3 M HCl at a mildly increased temperature can solubilize the 

indium content in 5 minutes, while the major portions of the impurities remain in the 

solid residue. The composition of the finally obtained solution is shown in Table 1. 

 

Table 1 

The elemental composition of the leachate obtained with 3 M HCl in 1 h time 

 Concentration, mg/dm3 

In Fe Sn Zn Al Cr Ni Cu 

148.4 189.5 27.3 87.5 248.2 12.4 7.6 1.4 

 

Although the leaching rate of indium is quite high, the impurity levels of the solution 

are also considerable. Thus it may be beneficial to use less acidic solutions to hinder 

the dissolution of the more refractory accompanying metals, or to include an efficient 

solution purification step after the intensive leaching. The latter option may be pre-

ferred for practical reasons. The known hydrolytic behaviour of the common accom-

panying elements [8] should be compared to the behaviour of indium. For this rea-

son, we have gradually neutralized a 10 g/dm3 indium solution while monitoring the 

pH during the addition of 1 M NaOH solution from a burette under close to equilib-

rium conditions. The results are shown in Figure 5.  
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Figure 5 

The equilibrium characteristics (a) and temperature dependence  

(b) of the hydrolytic precipitation of indium 

 

The plateau in the pH curve indicates the metal precipitation by consuming the OH– 

ions in the following hydrolysis reaction: 

 

 In3+ + 3OH– = In(OH)3 , G°298 = 80.5 kJ/mol In(OH)3  (1) 

 

Based on these results, a solution of pH 4 should be able to keep ~10g/dm3 In in 

solution at 25 oC. It must be noted also, by increasing the temperature, the pH range 

of the hydrolysis also decreases and at 75 °C the reaction (1) starts already at not 

much above pH 2. Most of the base metals (Zn, Cr and Ni) are stable in the solution 

until the pH reaches significantly higher values than that of indium hydroxide pre-

cipitation, therefore they do not interfere with the indium precipitation. Copper is 

not dissolved from the LCD at any appreciable levels in HCl. Iron and tin can be 

separated from the solution with relatively good efficiency under reducing condi-

tions at the lower valent states as indicated by the results shown in Figure 6. 

 

 
Figure 6 

The equilibrium characteristics of the hydrolytic precipitation  

of In(III), Fe(II) and Sn(II) ions at 25 oC. 

a) 

b) 
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However, aluminium, which is an important impurity component according to Table 1, 

has been found to co-precipitate with indium from the leachate. Its separation is im-

possible by the conventional hydrolytic method. However, if indium is cemented, or 

cathodically deposited from the solution to obtain a metallic product, aluminium ions 

can be excluded as potential impurities because of having very negative electrode 

potential.  

 

3. THE OPTIMIZATION OF LEACHING 

Although the method of solution purification may be practically useful, we have tried 

to decrease the dissolving power of the leaching step. The effect of the pH on the 

leaching kinetics of In from pure In2O3 powder is presented in Figure 7. 

 

  
Figure 7 

The effect of pH (a) and chloride ion concentration  

(b) on the leaching rate of indium 

(L/S = 300 cm3/g) 

 

It can be seen, that leaching at pH 2 and 3 cannot result in recoveries higher than 

10%. However, virtually 100% recovery was reached with pH 0 in sulphuric acid 

(0.5 M H2SO4) relatively quickly. Also pH 1 seems to be able to produce satisfactory 

extraction with longer contact times. The effect of chloride ions was examined at pH 

1. Results are shown in Figure 7.b. It can be noted, that Cl- ion concentration in the 

range of 0.5–1 M did not increase the recoveries. However, in the presence of ~4 M 

NaCl, the recovery is noticeably higher than in the sulphate solution. It can be at-

tributed to the extra solubilizing effect of the added chloride ions by the formation 

of chloride complex species.   

Further leaching experiments with the LCD glass at milder conditions were con-

ducted using diluted H2SO4 and HCl as lixiviants. The raw material was simply cut 

a) b) 
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into pieces small enough to fit into the neck of the conical beaker. The leaching was 

conducted at 55 °C with a constant 350 min–1 stirring. Results are shown in Figure 8. 

 

  
Figure 8 

The kinetics curves for the dissolutions of In (a) and of the impurities (b) during the 

leaching of LCD glass with H2SO4 and HCl 

 

The leaching seems to be significantly more effective with the same molarity of sul-

phuric acid than with HCl as the lixiviant, probably because of the stoichiometrically 

higher hydrogen ion concentration. The level of impurities in the solution seems to 

be roughly the same. The composition of the solution obtained by the mild (0.1 M 

H2SO4) leaching is shown in Table 2. 

Table 2 

The composition of the solution obtained by leaching LCD glass with 0.1 M H2SO4 

 Concentration, mg/dm3 

In Fe Zn Al Cr Ni Cu 

138.9 6.76 1.28 0.43 0.13 0.06 0.01 

 

Comparison of these results to those summarized in Table 1 shows a definite ad-

vantage in terms of solution purity. Indium recovery is still almost complete as sug-

gested by the saturation of the kinetic curve, although at a significantly longer pro-

cessing time. 

 

CONCLUSIONS 

According to the circular economy concept, the smartphone and tablet waste could 

become a valuable secondary indium raw material. The LCD screens can be removed 

from the units with a sharp tool by a simple and quick manual operation. In most 

cases the LCD panels can be easily separated from the rest of the screen. However, 

more tightly packed screens need to be broken to small particles so as the lixiviant 

can access the ITO layer. Leaching of LCD panels were examined by HCl and 

H2SO4. The kinetics of the process is definitely improved by higher acid concentra-

a) b) 
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tions, but the impurity level is also increased significantly. A relatively simple solu-

tion purification by the conventional method of selective hydrolytic precipitation has 

been shown as practicable. However, the selectivity of the leaching step is advisable 

to be improved by applying less aggressive reagents. It was found that 0.1M H2SO4 

was able to leach indium effectively in 120 minutes at 55 °C, with no Sn and rela-
tively little dissolution of other accompanying metals from the initial waste material.   
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FROM WHITE LED BULBS 
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Abstract: White LED bulbs – dominant in lighting technology – can become a significant 

secondary source for the recovery of valuable rare metals, if a proper extractive metallurgical 

technology is developed. We have found an efficient way to separate the “phosphors” (phos-

phor coated LED chips) from the metallic base shells in dilute sodium carbonate and calcium 

hydroxide solutions. The leaching reactions of the separated phosphors was studied thermo-

dynamically and the process was examined experimentally. The contained base metals and 

rare earth elements could be efficiently leached in 1 M HCl acid in 1 h, only Ga and In showed 

inert behavior toward acid solubilization. The separation of the valuable components has 

been devised by standard hydrometallurgical techniques. 

Keywords: LED lighting, recycling rare earth metals, recovery 

 

 

INTRODUCTION 

The electric lighting is indirectly responsible for ~5% of the total CO2 emission. [1] 

Thus the traditional – not energy efficient – tungsten-based incandescent light bulbs 

are being phased out all over the world. In some countries their marketing is com-

pletely prohibited. [2] On the other hand, the application of light emitting diode 

(LED) technology is increasing rapidly. These light bulbs offer much longer lifetime, 

significantly reduced energy consumption while producing the same amount of light 

as the incandescent bulbs. [2] Moreover, the energy loss in the form of infrared light 

is also negligible in the case of LEDs. Based on estimations, approximately 95% of 

the lighting market will be dominated by LED light sources by 2025. [3] 

However, LED light bulbs require some critical raw materials, such as rare-

earths, indium and gallium. The most common white light producing LED technol-

ogy applies an indium-gallium-nitride semiconductor chip on a sapphire substrate, 

which directly emits blue light in the 440–470 nm range. The chip is enveloped in a 
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material called phosphor that converts this primary radiation into a warmer tone, which 

the human eye perceives as white light. The phosphor used for this technique is most 

often yttrium aluminium garnet doped with cerium, Y3Al5O12:Ce3+ (YAG:Ce). Other 

versions such as (Y,Gd)3Al5O12:Ce3+, (YGAG:Ce), (Y,Tb)3Al5O12:Ce3+ (YTAG:Ce), 

Y3(Al,Ga)5O12:Ce3+, (YAGG:Ce), Y3Al5O12:Ce3+,Pr3+, (YAG:Ce,Pr), Lu3Al5O12:Ce3+ 

(LAG:Ce) and BOSE (Ca,Sr,Ba)2SiO4:Eu2+ and CASN (CaAlSiN3:Eu2+) are applied 

also in LEDs. [4], [5], [6] A light source of 1 mm2 surface area with two LED chips 

contains ~3 µg Ce or Eu, while elements like Y, Lu, or Gd – which form the basic 

matrix of the phosphor – are present in higher amounts (approx. 90–200 µg). Moreover 
~17–30 µg Ga and In can be found in such a chip. Noble metals like Au (~200 µg) – 

used as current conductor filaments – can also be found in the LEDs. [7] The recycling 

of LED waste is not yet practiced, mainly because of the implied novelty. However, 

the LED industry is expanding rapidly, thus a large supply of these waste materials can 

be expected in the near future. 

 

1. CHARACTERIZATION AND PREPARATION OF THE RAW MATERIAL  

The aim of this work was to examine LED waste materials – gathered from residen-

tial applications – in order to assess their metal value and gain fundamental data 

which can aid the development of a recycling method. The complex structure of a 

LED bulb makes its recycling difficult, thus before a metallurgical procedure can be 

developed, their general structure and composition must be explored. The examined 

LED bulbs of different structural designs and the mechanically removed LED units 

– including the attached motherboard strips or plates - are shown in Figure 1. In the 

case of the bulb in Figure 1a, the electric components are originally attached to the 

motherboard, however they were removed before the LED unit was taken to the pro-

cessing steps. 

 

       
Figure 1  

The examined LED bulbs (a–c) and the removed LED units (d) 

 

Unlike incandescent bulbs, LEDs use printed circuit boards, two or more capacitors 

and coils, which further increase their value as these components can contain Cu, Sn 

and Ta in not negligible quantities. The mechanically detached LED units containing 

a) b) c) d) 
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the light emitting seeds were examined under the microscope, as shown in Figure 2. 

In general, the LED units consist of the yellow phosphor seed, the LED chip (Figure 

2c), the metallic container tray (Figure 2b), the motherboard strip or plate (Figure 

1d) and the soldering butts at the terminals of the metallic trays (Figure 1a, b). These 

LED units constitute the principal parts which generate the light upon receiving the 

proper voltage. The surface of the aluminium- or plastic-based multi-layered moth-

erboard is covered with a non-conductive organic sealing or paint, underneath there 

are current conductor layers made of isolated copper foils. The container trays of the 

LED units are attached to these conducting layers. 

 

   
Figure 2 

Two LED units removed from the motherboard strips (a, b), separated phosphors 

(c) and the LED chip physically separated from the phosphor coating (d) 

 

 

The LED chip is laid on a metallic tray – confirmed to be of silver plated steel – and 

enveloped in the phosphor, which is fixed in a plastic/ceramic frame. The current is 

conducted from the terminals of the LED unit to the chip through the phosphor via a 

gold filament. One such LED unit can contain one or multiple LED chips.  

Each different type of the collected LED bulbs was dismantled and the major 

components determined. Results are shown in Table 1. The bulbs contain large 

amounts of plastic/ceramic or glass components, requiring a complex treatment. 

 

Table 1 

The distribution of the individual components of the LED bulbs in mass-% 

Type LED 

units 

E. circuit Steel base Glass Plastic/ceramic 

Figure 1a) 8.97 7.48 3.17 – 80.4 

Figure 1b) 32.33 5.11 3.41 – 59.13 

Figure 1c) 13.12 6.59 1.23 64.08 14.6 

 

a) b) c) 
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We have examined the total metal content of the LED units – as attached to the 

motherboard pieces – by leaching in 12 M HCl, 15 M HNO3 and aqua regia, respec-

tively at boiling temperatures. The solutions were analysed by microwave plasma 

emission spectroscopy (MPOES). The highest extracted amounts by any of the lix-

iviant media were accepted as the representative metal contents. The base metal con-

tent of the LED units, as dissolved by aqua regia at boiling temperature, can be seen 

in Figure 3. 

 

 
Figure 3 

Dissolved base metal content of the examined LED units (aqua regia: 10 cm3/g) 

 

Aside from Al – which is the motherboard material of the LED units in more durable 

LED bulbs – the concentrations of Fe, Sn, Pb and Cu are also significant. The prices 

of these metals strongly depend on their respective purity. Thus Sn and Cu recovery 

could contribute to the economic incentive for recycling. Moreover, the removal of 

heavy metals such as Pb could also be beneficial for environmental protection. While 

iron carries relatively little value neither is toxic, a complex recycling technology 

could provide some valuable iron compounds too.  

The valuable rare metals are contained in the usually yellow colored phosphor 

seeds fixed in the metallic container trays and thus attached by soldering to the moth-

erboard. The complete dissolution of the solder butts and the partial dissolution of 

the Ag layer on the metallic container trays result in the separation of the phosphor 

seeds with the LED chip remaining enclosed. The liberated phosphor seeds (of less 

than 2.5 mm diameter) were separated from the large pieces of the mixed residue by 

sieving and were subjected to crushing and grinding in a mortar. The obtained pow-

der was than leached in aqua regia at boiling temperatures. The rare earth content 

could be accessed partly also directly by the preliminary leaching of the LED units. 

The remaining part was leached subsequently from the separated phosphor seeds 

after fine grinding. The results obtained by the consecutive leaching steps are pre-

sented in Figure 4. 
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Figure 4 

Relative amounts of rare metals dissolved directly from the LED units (a) and from 

the separated and crushed phosphor with aqua regia (b.) (20 g LED units, or 1.84 

g phosphor seeds removed, 40 cm3 solution, 350 rpm, 2 h boiling) 

 

As shown by the comparison of Figures 4a and 4b, most of Ce and Eu has dissolved 

from the phosphor during the preliminary liberating step applying strong acids. How-

ever, all the Y remained to be dissolved in the subsequent leaching of the separated 

and crushed phosphor seeds. The Y3Al5O12 is composed of two oxides with high 

thermodynamic stability, thus it is hard to dissolve. On the other hand, the solution 

from the first leaching step infiltrated the phosphor, thus some of the Ce and Eu may 

have been carried over physically entrapped in the phosphor to the subsequent leach-

ing step. This mechanism explains why the impurity levels shown in Figure 5 were 

found relatively high in the leachate of the crushed phosphor. 

 

 
Figure 5 

The metal concentration of the aqua regia solution obtained from the leaching of 

the phosphors previously separated from The LED units with cc. HCl (1.84 g phos-

phor seeds, 40 cm3 solution, 350 rpm, 2 h boiling) 

 

After leaching, the solution was cooled and the poorly soluble Pb salts crystallized 

inside the phosphor. Moreover, during leaching the solution quickly becomes satu-

rated in PbCl2, thus the crystallization can occur even during the leaching. The com-

a) b) 
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plex composition and the high impurity content would make the economically fea-

sible rare metal recovery difficult. Thus to selectively solubilize the rare metals, 

the phosphor and LED chip must be preliminarily separated from the panel and the 

base of the LED unit, while avoiding the dissolution of the base and rare metal 

content.  

 

2. SEPARATION AND PREPARATION OF THE PHOSPHOR SEEDS 

The valuable rare earth metals are concentrated in the phosphor seeds contained 

in the LED units. A selective removal of the phosphor layer – including the LED 

chip – from the LED unit and the attached motherboard can be achieved by boil-

ing the units in a mildly alkaline medium. The examined agents were Na2CO3, 

Ca(OH)2, and water. The best results were obtained with saturated Ca(OH)2 solu-

tions, but with a longer time, the dilute Na2CO3 solution was also efficient. Results 

are shown in Figure 6. 

 

  
Figure 6 

Separation efficiencies of the phosphor seeds in different media (a);  

the effect of stirring speed on the separation efficiency (b) 

 

 

Applying pure water assures only rather low separation efficiencies. In contrast, 

saturated Ca(OH)2 solutions seems to be the most effective at separating the phos-

phor, followed by the dilute Na2CO3. It must be noted that this separation process 

has been only tested on used LEDs. Thermal aging processes during usage weakens 

the structure and bonding between the phosphor and its surroundings. The LED 

motherboard pieces and the phosphors were separated from each other by sieving. 

The latter was ground into a fine powder with a ceramic mortar and a pestle. The 

separation process and the products are shown in Figure 7. 

a) 
b) 
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Figure 7 

The separation of the phosphor including the LED chip in an alkaline medium (a); 

the separated phosphor seeds (b); the residue bearing base metals (c); crushing the 

phosphor (d); leaching of the phosphor powder (e) 
 

 

3. RARE METAL DISSOLUTION FROM THE PHOSPHOR SEEDS 

The viability of leaching the phosphor has also been examined thermodynamically. 

The most valuable components are the phosphor matrix itself (Y3Al5O12) doped with 

Eu and Ce and the semi-conductor (InGaN) layer on the LED chip. Calculations were 

carried out using the HSC Chemistry software. The considered aqueous reagents 

were H2SO4, HCl and HNO3. The standard Gibbs free energy change of the aqueous 

reactions are plotted as functions of the temperature in Figure 8.  

 

  
Figure 8 

The temperature dependence of the standard Gibbs free energy change accompa-

nying the leaching of the YAG compound (a) and the semiconducting LED material 

(b) with different solvents 

a) b) c) d) e) 
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It can be seen, that HCl acid has superior solubilizing power compared to cheaper 

sulphuric and the strongly oxidizing nitric acid. The relatively largely negative stand-

ard Gibbs free energy change of the reactions in aqueous media suggests, that the 

dissolution of the metals in the InGaN semiconductor chip is feasible. However, the 

nitrides are known to behave as refractory toward leaching in virtually any kind of 

aqueous solvents. It could be only effected at elevated pressures and temperatures, 

or after a thermal conversion via alkaline roasting. [8]. This has been confirmed by 

our results of the experimental digestion (Figure 5) aimed at the complete dissolution 

of the LED units. This inert nature could be advantages, as the other more soluble 

components (such as rare earth metals and most impurities) can be dissolved, while 

the Ga and In remain in the solid residue, thus selective retention can be achieved. It 

is convenient that the aqueous ions of the rare earth metals can be kept stable at 

relatively high pH values. Figure 9 shows the E-pH diagrams of Eu, Ce and Y.  

 

 

 
Figure 9 

The E-pH diagrams of Eu, Ce, Y (25 oC, dissolved metal: 1 mol/dm3) 
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One of the main challenges in extracting pure rare earth metals is their very similar 

chemical behaviour. While Y is not one of the lanthanides, still it is chemically sim-

ilar to this group. The Pourbaix-diagrams suggest that the hydrolysis of Y can be 

expected at lower pH. However, the activity conditions may alter the predominance 

limits of the indicated ions. Based on the published stability constants of the respec-

tive hydroxides, [9] we have calculated and plotted the pH dependence of the equi-

librium Ce3+, Eu3+;Y3+ ion concentration. This is presented in Figure 10.  

 

 
Figure 10  

The equilibrium activities of dissolved rare earth metal ions as functions of the pH 

 

Based on the equilibrium curves, the hydrolysis of the phosphor components can 

only be expected above pH 6. Thus close to neutral conditions could be applied at 

the end of the leaching step. This would significantly reduce the Fe(III) and Al con-

centration in the leachate.  

The separation of the phosphor seeds in alkaline media results in low impurity 

levels in further steps of rare earth recovery, as practically no reaction took place 

during the preliminary leaching. Besides the rare earth metals, the recovery of noble 

metals (Au, Ag) could also become important, as Au constitutes ~0,6% and Ag 

~0,2% of the total weight of the phosphor. It would be beneficial if the rare metals 

and other impurities could be dissolved from the residue without the dissolution of 

the noble metals. As the thermodynamic study suggest, HCl can be a suitable solvent. 

Therefore, further leaching experiments were carried out at 60 °C using 1 M HCl 

with 350 1/min stirring speed. The relative recovery rates are plotted in Fig. 11 as 

compared to the values obtained by a virtually complete digestion with aqua regia at 

boiling temperatures for 3 hours. Dopant materials (Eu, Ce) can be dissolved from 

the YAG matrix much faster than Y, which is possibly due to the higher stability of 

the YAG double oxide. Thus if Y dissolution is desired, longer time and higher tem-

peratures are required. 
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Figure 11 

Relative recoveries of the rare earth metals from the phosphor powder  

by leaching with 1 M HCl at 60 oC, as compared to the total metal content  

determined by aqua regia leaching at boiling temperature 

 

CONCLUSIONS 

The end-life white LEDs were examined physically, it was found that the LED moth-

erboard and panel contains significant amounts of metallic aluminium and copper, 

while further values (Pb, Sn) can be found in the solder. The LED units hold the 

phosphor and the LED chip itself, which contains rare earth metals along with Ga 

and In. The physical separation of the phosphor – including the LED chip – was best 

achieved via slightly alkaline treatment. The fastest separation was achieved with a 

saturated Ca(OH)2 solution, while 0,075M Na2CO3 could produce similar results at 

longer times. The solubilisation of the separated phosphor and LED chip was first 

studied thermodynamically, proving that HCl has superior solubilizing power when 

compared to H2SO4 and HNO3. The stability diagrams showed that neutral leaching 

could be considered also for a cleaner extraction of the rare metal oxides. Experi-

mental leaching proved, that the rare metals can be leached efficiently from the sep-

arated and crushed phosphor seeds in 1 M HCl at 60 °C. If Au is also to be recovered, 

aqua regia leaching at boiling temperature may be applied.  
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THE EFFECT OF FEEDING OF RAW MATERIAL  

ON GAS CHARACTERISTICS DURING THERMAL DECOMPOSITION 

 

GÁBOR NAGY1 

 

 
Abstract: Pyrolysis and gasification are thermochemical processes that have gained signifi-

cant attention in the past decades. During pyrolysis, numerous parameters can affect the final 

solid, liquid and gaseous products. The pyrolysis of oak wood samples at 700 °C with three 

different feeding times were carried out under laboratory conditions. The gas yield was the 

highest with the use of the lowest feeding speed (11.5 min residence time), resulting in over 

20% increase in the quantity of produced gas. Faster feeding speed results in shorter residence 

time in the heated zone, hindering the degradation of hydrocarbon. The LHV recorded at all 

experiments are applicable for energy purposes. On the other hand, due to the low H2/CO 

ratios (<1), none of the experiments produced syngas usable for the chemical industry. 

Keywords: pyrolysis, feed rate, syngas 

 

 

INTRODUCTION 

The thermochemical utilisation of solid fuels dates back as far as human history. 

However, during the past decades, the main focus has shifted toward the use of ther-

mochemical processes resulting in fuels with different physical states or value-added 

products. 

Thermochemical processes include pyrolysis (thermal decomposition) and gasi-

fication. During pyrolysis, the base material is heated to 400–1000 °C temperature 

interval under anaerobic or anoxic conditions to carry out the thermal decomposition 

of the material. As a result, liquid and gaseous products are produced along with 

solid char, which could mainly be used for energy purposes. In case of gasification, 

the aim is to produce a high quantity of gaseous products from solid base materials 

using partial oxidation at high temperature (over 800 °C). The gas can be used as 
fuel of base material for the chemical industry. 

The changes in the ratios and qualities of the products are regulated by numerous 

parameters. For both processes, temperature and residence time are significant. 

Higher temperature and longer residence time have a positive effect on raw material 

conversion: if the residence time is longer, light molecular weight hydrocarbons, 

non-condensable petroleum gases are produced which have considerable thermal 

stability [1]. 
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Residence time can only be regulated in continuous operation system by the 

changing the feeding speed of the base material, for example by increasing the rota-

tional speed of the screw in a screw reactor the base material can be passed through 

the system faster. In case of batch operation, residence time refers to time interval 

from the beginning of heating the raw material to the time when the products are 

removed from the system. 

Increasing the temperature can accelerate thermal decomposition, so the modifi-

cation of two parameters can be used to optimise the energy consumption of the 

system and increase the yield of the main product. 

As pyrolysis can be used independently or as a part of a gasification system, the 

main focus of the literature overview and the experiments was pyrolysis. 

Numerous studies experimented with the effects of using different feeding sys-

tems. Singh et al. [2] examined the effect of residence time (1, 2 and 3 hours) for the 

pyrolysis of mustard straw at 250–500 °C in a fixed bed reactor. Based on their re-
sults, pyrolysis temperature had a more significant impact than the increased reten-

tion time for this particular raw material. Ningbo et al. [3] carried out pine sawdust 

pyrolysis in a screw reactor at 600 °C using 3, 4, 5, 6 and 7 minutes of retention time. 

It was concluded that increasing retention time reduced the quantity but increase the 

calorific value of the solid residue. Moreover, in case of the syngas, the longer resi-

dence time resulted in lower content of CO2 and higher content of CO, H2 and C1-C4 

hydrocarbons. Ha et al. [4] carried out fast pyrolysis experiments in bubbling fluid-

ized bed reactor at 426–528 °C temperature range using 0.8-1.8 kg/h feeding rate. 

The base material was wood sawdust. The increase of feeding rate from 0.8 to 1.8 

kg/h during fast pyrolysis had marginal influence in the quantity of the products. Hsu 

et al. [5] also used fluidized bed reactor for pyrolysis of rice husk at 600 °C reactor 
temperature, with 10 and 20 g/min feeding rate. As a result of their experiments, it 

was concluded that not only the feeding speed impacted the quantity of the products, 

but the carrier gas flow rate, as well. With lower flow rate (30 l/min), the higher 

feeding rate increased the char quantity and decreased the gas yield. However, the 

higher flow rate (40 l/min) and increased feeding rate resulted in lower char and 

higher gas quantity. The reason for this was that higher carrier gas flow rate can 

enhance the contacts between the base material and the fluidizing glass beads. 

Newalkar et al. [6] pyrolyzed Loblolly pine in an entrained flow reactor at 600–1,000 

°C temperature range and 5–20 bar pressure with 4 and 28 s residence time. It was 

concluded that longer residence time for the base material increased the residual car-

bon and decreases the H/C and O/C ratios of the char, especially at higher tempera-

ture (1,000 °C). The increase in temperature, pressure, and residence time decreased 
the concentration of C2−C4 hydrocarbons in the gas. 

Based on the relevant literature, the effect of feeding speed can vary for each 

measurement. The quantity and quality of products can change because of the type 

and operational parameters of the equipment. Thus, the operational parameters 

should be modelled under laboratory conditions, first. 

One of the aims of my experiments was to prepare a laboratory system applicable 

for pyrolysis and gasification in which batch and continuous operation. Furthermore, 
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experiments with different feeding speeds were carried out in the system using bio-

mass base material, examining the possible utilisation of the produced gas. 

 

1. MATERIALS AND METHODS 

1.1. Materials and methods 

Oak wood naturally dried for one year was used as a base material for the experi-

ments, whose properties are summarized in Table 1. 

Table 1 

The properties of the base material 

Average composition of the dry samples, %w/w 
Original base material, 

%w/w 

Car-

bon 

Hydro-

gen 

Nitro-

gen 

Sul-

phur 

Oxy-

gen 
Ash Moisture 

47.79 6.19 0.11 0.01 39.98 5.92 9.26 

 

The standard used for the elemental composition of the samples carried out with a 

Carlo Erba EA 1108 elemental analyser was “EN 15104-2011: Solid Biofuels – De-

termination of Total Content of Carbon, Hydrogen and Nitrogen – Instrumental 

Methods”. To determine the ash content, standard “EN 14775:2010: Solid Biofuels – 

Determination of Ash Content” was used, the measurement was carried out in a HK-

45/12 V type heating furnace with 12 kW nominal power. The moisture content was 

determined using a Mettler Toledo HB43-S type moisture analyser. 

Two Medingen type rotameters (3–30 and 20–260 l/h) were applied to examine 

the quantity of the produced gas. To be able to compare the l/h values of gas products 

from the different amounts of base materials, they were converted to l/1 kg base 

material. 

The gas composition was determined with a Dani Master GC device, equipped 

with a TCD detector and an S/SL injector. 3 columns were connected in series for 

the separation of gas components: Rt-Q-bond (15 m × 0.53 mm × 20 µm), Rt-Q-

bond (30 m × 0.32 mm × 10 µm) and Rt-Msieve 5A (30 m × 0.53 mm × 50 µm). 
The lower heating value (LHV) of the gas mixtures was calculated using the 

LHVs of each component found in literature (Table 2 [7]) using the measured con-

centrations.  

 

Table 2  

LHVs of gas components [7] 

Components LHV, MJ/m3 

Methane 35.949 

Ethane 64.615 

Ethylene 59.571 

Carbon monoxide 12.680 

Hydrogen 10.826 
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1.2. Experimental system 

The experiments were carried out in a laboratory system applicable for pyrolysis and 

gasification (Figure 1/a). Both batch (Figure 1/a) and continuous (Figure 1/b) oper-

ation can be modelled under laboratory circumstances. In the article, the pyrolysis 

was carried out at 700 °C. After filling the reactor inside the tube furnace, heating 
was performed for 30 min, then the reactor temperature was kept constant at 700 °C 

until the end of the experiment. Continuous operation was achieved with filling the 

whole reactor that was 3× longer than the tube furnace with base material, and the 
heated zone of the furnace was moved along the reactor at given time intervals. The 

displacement of the heated zone was executed after the gas production decreased 

below 0.5 l/kg during the holding time. With the used amount of material, the feeding 

time was 10 minutes. Furthermore, the experiments were carried out with 15% faster 

and slower feeding time (8.5 and 11.5 minutes of feeding time). 

During the detailed experiments, 70±3 g material was uniformly distributed in 
the pipe reactor. The amount of material in the heated zone is 25–30 g, while the rest 

is in the remaining part of the pipe, so it could be fed through the reactor in seven 

steps (6-7 g raw material for each step).  

As it can be seen in Figure 1/a, the gas and liquid discharged from the reactor are 

collected in a liquid container with a gas cooler on the top, so the condensed liquid 

could also accumulate in the container. After the cooler, a rotameter is placed, and 

the gas can be sampled before it reaches the torch. The system can be expanded with 

a vapour generator to prepare a system applicable for continuous gasification. 

 

 

Figure 1 

The experimental system for pyrolysis and gasification (a),  

and the feeding process (b) 
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2. RESULTS 

The gas production, recorded minute-by-minute, was converted to 1/kg and the re-

sults are illustrated in Figure 2. As it can be seen in the figure, the gas production of 

the 700 °C pyrolysis started to decrease after 30 minutes. By the 38th minute, the 

gas production was below 0.5 l/h according to the rotameter, then the feeding of the 

base material started (with the displacement of the heated zone). In case of all three 

tests, the first feeding step resulted in significantly higher gas production compared 

to the later steps, as the time to pre-heat the base material was longer before the first 

displacement could start. The examination of the total feeding reveals that the in-

creased feeding speed resulted in steadier gas production. However, this entails the 

decrease of the total amount of produced gas. The produced gas quantities can be 

seen in Table 3. 

 

 

Figure 2 

The effect of feeding on gas production 

 

Table 3 

The amounts of produced gas during the experiments 

Experiment 
–15% feeding 

speed 

Original feeding 

speed 

+15% feeding 

speed 

Gas production, 

l/kg 
253.5 207.3 200.3 

 

The changes in the produced gas composition are illustrated in Figure 3. All three 

experimental series started with a 700 °C pyrolysis starting from room temperature, 
then the tests with different feeding speeds were carried out. The formation of hy-

drocarbons started with the temperature increase during pyrolysis. The hydrocarbons 

expelled the air from the reactor and CO and CO2 was produced via combustion. 

With the depletion of oxygen, the amount of CO and CO2 decreased and the release 
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of oxygen from the base materials led to the increase in CO content. Parallelly, the 

amount of hydrogen increased, and the hydrocarbon content decreased until a rela-

tively constant value was reached. During the first feeding step, there was no con-

siderable change in the quantity of the components, as the pyrolysis of the base ma-

terial could start through the prolonged holding time. However, the subsequent feed-

ing steps had more significant effect on the gas composition. Considering the gener-

ation of the most important components for syngas utilisation (H2, CO and CxHy), 

the lowest feeding speed resulted in the steadiest production. Increasing the feeding 

speed, the hydrocarbon production remained steady, while the other components (H2, 

CO and CO2) showed considerable fluctuation. According to the gas composition 

analysis, the reduced feeding speed leads to a steadier gas composition over the du-

ration of pyrolysis. 

 

 

Figure 3 

The changes in gas composition with –15%  

(a), the original (b) and +15% (c) feeding speed 
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Based on the average composition of the produced gases (Table 4), increased feeding 

speed resulted in lower H2 (–7%) and CO (–2%), but higher CxHy content (+3%). If 

the feeding is faster, the base material has shorter residence time in the heated zone 

Thus, the rate of pyrolysis is lowered and there is no time for the further degradation 

of hydrocarbons. 

Table 4 

The average composition of the produced gases 

Parameter 
–15% feeding 

speed 

Original feeding 

speed 

+15% feeding 

speed 

H2 26.7 23.3 21.8 

CO 30.2 29.2 28.6 

CxHy  13.6 13.8 14.2 

 

For energy purposes, the Lower Heating Value (LHV) of the gas is significant, while 

the hydrogen-to-carbon monoxide ratio can determine the possible use in the chem-

ical industry. The changes of these values in relation to time are shown in Figure 4, 

and the average values during the experiments are summarised in Table 5. 

 

 

Figure 4 

The effect of feeding speed on the LHV and H2/CO ratio of the gas 

 

 

Table 5 

The average LHV and H2/CO ratios of the produced gases 

Parameter 
–15% feeding 

speed 

Original feeding 

speed 

+15% feeding 

speed 

LHV 12.15 11.70 11.49 

H2/CO 0.84 0.76 0.73 
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The changes of LHV during the experiment (Figure 4) revealed that the LHV varied 

within an approximately ±2 MJ/m3 interval during the standard feeding speed which 

is not a substantial deviation for using the syngas for energy purposes. On the other 

hand, an optimal H2/CO ratio is necessary to produce a given chemical which would 

be a challenge to prepare with such a highly fluctuating ratio. Thus, the long-term 

gas collection and then the modification of the gas composition (H2 addition) would 

be necessary for such utilisation. 

Considering the total gas quantity (Table 5), the LHV of the gas decreased by the 

use of a faster feeding speed, even though the amount of hydrocarbons was higher, 

as stated in Table 4. The H2/CO ratio also decreased with the increasing feeding 

speed, but the change is not significant. The lowest adequate H2/CO ratio is 1 and 

can be used for acetic anhydride and acetic acid production, but all three experiments 

showed had syngas with lower H2/CO ratios (0.73–0.84). 

 

CONCLUSION 

The aim of this research was to assemble a lab-scale pyrolysis system with continu-

ous operation and study the effect of the feeding speed of raw material during pyrol-

ysis. A laboratory system applicable for both pyrolysis and gasification, with batch 

and continuous operation was prepared. In the laboratory system, continuous pyrol-

ysis tests were carried out and it was determined that the quantity and composition 

of the produced gas can be influenced by the feeding speed of the base material. 

As the feeding speed was increased, less time was available for the pyrolysis pro-

cess, decreasing the efficiency of pyrolysis. As there is no time for complete pyrol-

ysis, gas production already starts from the fresh base material during the final phase 

of the gas production. This way the gas yield can be more stable. On the other hand, 

as increasing the feeding time results in less time for pyrolysis and lower amount of 

produced gas with increased amount of hydrocarbons. 

Thus, decreasing the feeding speed can result in increased gas yield and a more 

stable gas composition over time. 

Only slight changes were observed in the H2/CO ratio of the syngas due to the 

change in feeding speed. However, the ratios themselves was not appropriate for 

chemical industrial use. The increased feeding speed resulted in slight decrease in 

the LHV, but based on this value, the gas could be used for energy purposes. 
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Abstract: Antioxidants are compounds used to prevent the thermal and photo-oxidative effects 

of the environment. These molecules are highly important to preserve and prolong various 

products. A wide variety of synthetic and natural antioxidants applied in the food and poly-

mer industry. A good number of such molecules have phenolic character, such as in the case 

of butylated hydroxytoluene (BHT) which has various applications. The anti-oxidant poten-

tial of BHT has been studied by using the B3LYP density functional theory (DFT) method 

in combination with the 6-31G(d) basis set in gas phase. Bond dissociation enthalpies (BDEs) 

have been calculated for each potential hydrogen donor sites (X-H, where X = C or O) of the 

molecule. The antioxidant potential of the different sites has been compared by using the 

corresponding BDE values. The calculations indicate that the O-H group has the highest an-

tioxidant potential (lowest BDE value, 290.3 kJ/mol) within BHT. This finding is in good 

agreement with previous studies. Further calculations are planned to study other antioxidant 

mechanisms and compounds as well. Based on the current and additional future results, new 

antioxidant molecules are planned to be proposed and de-signed. 

Keywords: BDE, HAT, DFT, phenolic compounds, additives 

 

 

INTRODUCTION 

The properties of polymers depend on several factors. The resistance of a polymeric 

mate-rial to various conditions such as, sunlight, temperature, humidity, etc. is a fun-

damental issue which have to be taken into consideration during the synthesis of a 

product [1]. If the synthesis of the polymeric materials is not carried out carefully, 

the environmental factors could cause not only esthetic degradation, but potential 

deterioration of the mechanical properties [2]. Additives are applied to overcome 

these issues, which are chemicals added to the base polymer to enhance the proper-

ties (physical and chemical) of the final product [1]. These compounds are also 

employed to decrease cost, and maintain aesthetic qualities [3].  

Several different additive types are used to enhance specific properties of the poly-

meric product. Polymer additives are used as plasticizers [e.g., dioctylphthalate (DOP), 

and tricre-syl phosphate (TCP)], flame retardants [e.g., polybrominated diphenylethers 

(PBDES), and tris(2-chloroethyI)phosphate (TCEP)], colorants (e.g., anthraquinone, 

and carbon black), stabilizers (e.g., arium-zinc, and calcium-zinc), antimicrobial 

agents (e.g., 5-chloro-2-(2,4-dichlorophenoxy)phenol, and 4,5-dichloro-2-noctyli-

sothiazolinone), antioxidants [e.g., butylated hydroxytoluene (BHT), and tert-bu-

tylhydroquinone (TBHQ)], and others [4].  

http://doi.org/10.32974/mse.2021.007
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To prevent or reduce thermal and photo-oxidative effects antioxidant (AO) addi-

tives are applied [1]. Not only polymeric materials are suffering from oxidative 

stress, but living organisms, and food products as well [5]. For living species, anti-

oxidants can be either endogenous or acquired exogenously like dietary supplements 

(e.g., BHT) [6]. Enzymatic (e.g., superoxide dismutase) and non-enzymatic antioxi-

dants (e.g., vitamin E, vitamin C) are the two forms of endogenous antioxidants [7].  

Free radical scavenging by antioxidants could occur in three different ways, but 

each of these will lead to the donation of a hydrogen atom (H•) to the free radical. The 
direct hy-drogen atom (H•) transfer (HAT) to the radical is a one-step mechanism. The 

other two includes two steps, either first a single electron transfer followed by a proton 

(H+) transfer (SET-PT), or vice versa, H+ moves first and after the electron (SPLET) 

from the antioxi-dant to the radical [8]. To study these mechanisms several physical-

chemical properties can be measured or computed. Such properties are the bond dis-

sociation enthalpy (BDE), ionization potential (IP), proton dissociation enthalpy 

(PDE), proton affinity (PA), and electron transfer enthalpy (ETE) [9–12].  

Antioxidant molecules can be natural and synthetic compounds [6]. The wide-

spread envi-ronmental issues forced producers to consider replacing commonly used 

synthetic materi-als with natural alternatives. However, to find environmentally 

friendly, and effective alternatives of the commonly used additives is difficult to 

implement and requires a lot of planning and research.  

Environmentally friendly antioxidant polymer additives will be proposed and/or 

designed. Therefore, the antioxidant potential of a widely used food additive, buty-

lated hydroxytol-uene is studied. BHT is extensively used as an additive in the food 

industry and has been utilized in a variety of food applications [7]. It is also com-

monly used as a positive control in the measurement of antioxidant activity due to 

its AO capabilities and simple structure [13, 14]. Our aim is to carry out a theoretical 

study on the antioxidant activity of various antioxidants (Figure 1), starting with 

BHT and use the acquired results in AO design in the future.  

Figure 1 

General chemical structure of common antioxidants. 

 

Based on the calculations, new AOs can be designed and later tested as polymer ad-

ditives to pave the way for a more environmentally friendly polymer composition. 
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1. MATERIALS AND METHODS 

All calculations have been carried out by using the Gaussian 09 program package 

[15]. The B3LYP density functional theory (DFT) method [16, 17] in combination 

with the 6-31G(d) basis set has been used to optimize the studied molecule and the 

corresponding radical species in gas phase. The bond dissociation enthalpies (BDE) 

of each potential hydrogen donor sites of the molecule have been computed by con-

sidering the following hypothetical reaction: 

 

A → A• + H• 
 

where ‘A’ is the antioxidant molecule, while A• and H• are the corresponding radical 

and hydrogen atom which will form after the dissociation of an X-H (X = C, or O) 

bond.  

 

2. RESULTS AND DISCUSSION 

Direct hydrogen atom (H•) transfer (HAT) mechanism is considered. In this case, the 
mole-cule donates a hydrogen atom to the free radical and thus, the reactive compound 

is neu-tralized. To compare the antioxidant activity of the different groups, bond dis-

sociation enthalpies (BDEs) have been calculated for each potential hydrogen donor 

sites (X-H, where X = C, or O) of the molecule. The different sites have been compared 

by using the corresponding BDE values. The bond lengths vary between 0.964 Å and 
1.097 Å within the optimized structure of the molecule (Figure 2).  

 

 
Figure 2 

2D and 3D structure of butylated hydroxytoluene (BHT). The 3D structure has 

been opti-mized at the B3LYP/6-31G(d) level of theory in gas phase. The corre-

sponding bond lengths are also depicted. 

 

The radicals were prepared from the optimized BHT molecule by removing one hy-

drogen atom from each potential sites (Figure 3). All in all, six radicals have been 

created and the structures have been optimized (Figure 3). 
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Figure 3 

Hydrogen atom donor sites of butylated hydroxytoluene (BHT) 

 

By using the computed thermodynamic properties of BHT and the corresponding 

radicals, BDE values of the functional groups have been computed along with zero-

point corrected relative energies (DE0) and relative Gibbs free energies (DG) ac-

cording to the above-mentioned hypothetical reaction (see Materials and Methods 

and Table 1).  

Table 1 

Bond Dissociation enthalpies (BDEs) of butylated  

hydroxytoluene (BHT), zero-point cor-rected relative energies  

(DE0), and relative Gibbs free energies (DG). All structures have  

been computed at the B3LYP/6-31G(d) level of theory in gas phase 

 

 

 

 

 

 

 

 

 

The BDEs of the C-H bonds within BHT cover a wide range starting from 363.2 and 

reach-ing to 449.6 kJ/mol (Table 1, Figure 4). The weakest within the C-H bonds is 

C2-H (1.097 Å) and it is located on the methyl group which is in the para position 
and has a BDE of 363.2 kJ/mol (Figure 4). The removal of a hydrogen atom from 

the aromatic ring of BHT is unfavourable as the strongest bonds are C1-H and C3-H 

(1.084 Å), which have identical BDE values (449.6 kJ/mol). The results indicate that 

X-H position ΔE0 ΔG BDE Bond length 

 kJ/mol Å 

O-H 285.1 254.7 290.3 0.964 

C1-H 443.0 412.3 449.6 1.084 

C2-H 358.4 332.3 363.2 1.097 

C3-H 443.0 412.3 449.6 1.084 

C4-H 390.4 361.7 395.8 1.091 

C5-H 411.9 380.4 419.5 1.096 
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shorter bond length can be associated with larger bond dissociation enthalpy and 

thus, stronger bond.  All in all, the BDE values indicate that the O-H is the weakest 

(290.3 kJ/mol) within the studied set of bonds (Table 1, Figure 4). This finding is in 

good agreement with previous studies [7].  

 
Figure 4 

Bond dissociation enthalpy (BDE) vs. bond length diagram of butylated  

hydroxytoluene (BHT). All structures have been computed  

at the B3LYP/6-31G(d) level of theory in gas phase. 

 

The lower the BDE value, higher the ability of the antioxidant to donate its hydrogen 

atom to free radicals. Thus, based on these results, it is obvious that the hydroxyl 

group contrib-utes mostly to the antioxidant activity of BHT compared to C-H bonds 

when the HAT mechanism is considered. However, C-H bonds (e.g., C2-H) can also 

play a role in the antioxidant process and thus, the antioxidant potential of BHT is 

significant. 

 

CONCLUSION 

The antioxidant potential of butylated hydroxytoluene (BHT) have been studied by 

using computational chemical tools and considering the direct hydrogen atom (H•) 
transfer (HAT) mechanism. To reveal the antioxidant activity of the different groups, 

bond disso-ciation enthalpies (BDEs) have been calculated for each potential hydro-

gen donor sites of the molecule. All in all, seven potential hydrogen donor sites were 

considered, and their BDE values were compared.  

The weakest within the C-H bonds is located on the methyl group which is in the 

para posi-tion and has a BDE of 363.2 kJ/mol. The removal of a hydrogen atom from 

the aromatic ring of BHT is unfavourable as the strongest C-H bonds indicates (449.6 

kJ/mol). All in all, the O-H is the weakest (290.3 kJ/mol) within the studied set of 

bonds and thus, the hy-droxyl group contributes mostly to the antioxidant activity of 

BHT when the HAT mecha-nism is considered. However, C-H bonds can also play 

a role in the antioxidant process and thus, the antioxidant potential of BHT is signifi-
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cant. Additional calculations are planned to study the performance of BHT in other 

antioxidant mechanisms (SET-PT and SPLET). Furthermore, additional molecules 

will also be studied to explore their potential application as antioxidant additives in 

polymer synthesis. Based on the current and future results, new AO additives are 

planned to be proposed and designed. 
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Abstract: A theoretical investigation of urethane formation through the reaction of phenyl iso-

cyanate and methanol without and in the presence of a secondary ketimine catalyst (DBU) was 

carried out by using density functional theory method in gas phase and in organic solvent 

(THF). The reaction mechanisms have been explored, and the corresponding thermodynamic 

properties have been computed. The reaction in the presence of the catalyst largely differs from 

the catalyst-free case. It was found that the activation energy decreased significantly in the pres-

ence of DBU in both gas phase and organic solvent by more than 67.0 kJ/mol, compared to the 

catalyst-free reaction, which proves the importance of catalysts in (poly)urethane synthesis.  

Keywords: Polyurethane, DFT, Secondary ketimine, THF, Catalyst-free 

 

INTRODUCTION 

The term catalysis was coined by Berzelius in 1835 and comes from the Greek words 

“kata” meaning down and “lyein” meaning loosen [1], [2]. Catalysts are key in the 
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chemical industry and with their help the environmental impact of chemical pro-

cesses and the energy required to carry them out are significantly reduced [3]. Cata-

lysts can expedite chemical reactions compared to catalyst-free systems. By applying 

catalysts, new reaction pathways may become possible [4]. Currently, catalysts are 

used in more than 90% of chemical and refining processes. The world depends on 

them, as plastics, artificial fibres, food, and fuel are prepared by using these special 

chemicals [5]. Also, catalysts are important additives in the process of synthesizing 

polymers, especially in polyurethane (PU) synthesis [6]. PU is one of the most ver-

satile and unique polymer being a part of our daily life and used in different applica-

tions [7]. Therefore, there are various types of catalysts used for polyurethane syn-

thesis. The PU catalyst can increase the reaction rate, the production efficiency, and 

promote the urethane formation while suppress the side reactions selectively [8]. In 

the production of polyurethane-based products, although the amount of catalyst is 

small, but its role is significant. The most important catalysts applied in PU foam 

production are amine-containing chemicals [8].  

The reaction between methyl isocyanate and methanol with and without catalyst 

addition has been studied at the B3LYP/3-21G level of theory. It was found that the 

addition of the catalysts has a great influence on the stability of the transition states 

[9]. However, there are still various aspects of the catalytic urethane formation reac-

tions which has to be understood. There is also an increasing demand to design en-

vironmentally friendly polyurethane catalysts. Therefore, additional studies to gain 

more information about urethane and polyurethane synthesis is inevitable. 

In the current work, urethane formation is studied by using computational chemi-

cal tools in the presence of a secondary ketimine catalyst, 1,8-diazabicyclo [5.4.0]un-

dec-7-ene (DBU). The effect of the catalyst on the phenyl isocyanate – methanol 

reaction is examined, and the steps of the reaction are described.  

 

Figure 1 

2D and 3D structures of the studied catalyst,  

1,8-diazabicyclo [5.4.0]undec-7-ene (DBU) 

 

1. METHODS 

All calculations were performed by using the B3LYP (Becke, 3-parameter, Lee-Yang-

Parr) [10] DFT method in combination with the 6-31G(d) basis set in gas phase, and 

in tetrahydrofuran (THF, εr = 7.4257) by using the SMD implicit solvent model. Opti-
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mizations and frequency calculations were carried out to locate the minima and tran-

sition states. Intrinsic reaction coordinate (IRC) calculations were also performed start-

ing from the transition states to verify that those connect the right minima. The Gauss-

ian 09 program package was used to carry out the calculations [11]. 

 

2. RESULTS AND DISCUSSION 

2.1. Catalyst-free Reaction between Phenyl Isocyanate and Methanol 

The methanol (MeOH) - phenyl isocyanate (PhNCO) reaction has been used as a 

model to study urethane formation. For the catalyst-free system, the geometries have 

been optimized in gas phase and THF, and the corresponding thermodynamic pro-

perties have been computed (Table 1), and based on these, the reaction has been 

characterized (Figure 2). 

Table 1 

The zero-point corrected relative energies (∆E0), enthalpies (∆H), and Gibbs free 
energies (∆G) of the reaction between phenyl isocyanate (PhNCO) and methanol 

with and without catalyst (DBU), calculated at the B3LYP/6-31G(d) level of theory 

in gas phase and THF at 298.15 K and 1 atm. R: reactants, RC: reactant complex, 

TS: transition state, IM: intermediate, PC: product complex, P: product 

Catalyst-free 
∆E0 (kJ/mol) ∆H (kJ/mol) ∆G (kJ/mol) 

Gas THF Gas THF Gas THF 

R (PhNCO+MeOH) 0.00 0.00 0.00 0.00 0.00 0.00 

RC –15.81 –10.40 –14.15 –8.92 20.85 27.24 

TS 107.93 110.22 104.79 106.85 156.35 159.14 

P –100.38 –100.32 –103.70 –103.57 –51.43 –54.37 

Catalysed 
∆E0 (kJ/mol) ∆H (kJ/mol) ∆G (kJ/mol) 

Gas THF Gas THF Gas THF 

R 

(PhNCO+MeOH+DB

U) 

0.00 0.00 0.00 0.00 0.00 0.00 

RC –66.03 –39.66 –62.66 –35.62 18.34 41.53 

TS1 –9.69 –8.04 –11.31 –9.09 84.65 85.76 

IM –37.49 –102.89 –39.50 –104.60 63.69 –7.03 

TS2 –* –108.68 –* –111.17 –* –10.37 

PC –140.84 –129.74 –142.01 –130.86 –45.86 –36.00 

P –100.38 –100.32 –103.70 –103.57 –51.43 –54.37 

* – TS2 were not found in gas phase. 

 

It can be seen from the optimized geometries that the urethane bond formation is going 

through a concerted mechanism (Figure 2). It starts with the formation of the reactant 

complex (RC, PhNCO---MeOH). The geometrical properties of the complex in gas 

phase and THF are slightly differ (2.179 and 2.150 Å, respectively) (Figure 2).  
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Figure 2 

3D structures in the reaction of phenyl isocyanate (PhNCO) and methanol. The optimi-

zations were carried out at the B3LYP/6-31G(d) level of theory in gas and solvent (THF) 

phase at 298.15 K and 1 atm. RC: reaction complex, TS: transition state, and P: product. 

The most important distances are also depicted in Å. Black: gas phase. Red: THF. 

 

The corresponding zero-point corrected relative energy, enthalpy and Gibbs free en-

ergy values indicates that the complex is more stable in gas phase than in THF. In the 

next step, the product (P) will be formed through the transition state (TS). In the TS, a 

proton transfer from the methanol’s hydroxyl group to the isocyanate’s nitrogen will 

occur and a bond will be formed between the oxygen of the methanol and the carbon 

of the isocyanate group. The N-H distance in the TS is 1.364 Å, and 1.380 Å in gas 

phase and in THF, respectively. The forming C-O bond in the TS between the isocya-

nate’s carbon and methanol’s oxygen is 1.656 Å, and 1.596 Å in gas phase and in THF, 

respectively. The TS has the highest relative energy along the reaction pathway and a 

significant barrier height has to be overcome to achieve the product (Figure 3).  

  

 

Figure 3 

Energy diagram (zero-point corrected) of the phenyl isocyanate (PhNCO) and 

methanol reaction calculated at the B3LYP/6-31G(d) level of theory in gas phase 

and THF (using the SMD implicit solvent model) at 298.15 K and 1 atm 
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The zero-point corrected relative energies indicate that the final urethane product, P 

is very stable and the corresponding DE0 is –100.3 kJ/mol (Table 1). 
 

2.2. Reaction between Phenyl Isocyanate and Methanol in the Presence of DBU 

The steps of the phenyl isocyanate – methanol reaction in the presence of the DBU 

catalyst in gas phase and THF has also been computed (Figure 4, Table 1). Addi-

tional structures (e.g., IM) have been formed compared to the catalyst-free pathway. 

 

 

Figure 4 

3D structures of the reaction between phenyl isocyanate (PhNCO) and methanol in 

the presence of DBU. The structures have been optimized at the B3LYP/6-31G(d) 

level of theory in THF at 298.15 K and 1 atm. RC: reaction complex, TS: transition 

state, IM: intermediate, PC: product complex. The bond distances are also de-

picted in Å. 
 

In the first step, a trimolecular reactant complex, RC was formed in this case. A 

hydrogen bond formed between the hydroxyl group of the methanol and the DBU’s 
nitrogen and the corresponding N-H distance is 1.799 Å, and 1.819 Å in gas phase 
and THF, respectively (Figure 4). Another interaction established between the iso-

cyanate’s carbon and methanol’s hydroxyl oxygen. The C-O distance is slightly 

longer in gas phase (3.183 Å) than in THF (3.085 Å). The reaction is going through 
two transition states and an intermediate. After the formation of the complex (RC), 

a proton transfer will occur in TS1 from the hydrogen of the hydroxyl group to the 

nitrogen of the catalyst and thus, the N-H distance will be reduced (N-Hgas = 1.410 

Å, and N-HTHF = 1.543 Å) compared to that of the reaction complex. Furthermore, a 

bond is forming between the methanol’s oxygen and the isocyanate’s carbon. The 
relative energy of the TS1 is lower than the reactants’ level (∆E0gas = –9.69 kJ/mol, 
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and ∆E0THF = –8.04 kJ/mol) (Table 2, Figure 5). This is a significant decrease com-

pared to the catalyst-free case. On the other hand, the solvent has only a slight effect 

on the relative energy of TS1 (∆E0gas-THF = 1.65 kJ/mol).  

Through TS1, an intermediate structure (IM) obtained within which a bond is 

formed between the isocyanate’s carbon and the methanol’s oxygen, while the pro-
tonated DBU is hydrogen bonded to the nitrogen of the former isocyanate group 

(Figure 4). The relative stability of the IM in gas and solvent phase differs signifi-

cantly (DDE0gas-THF = 65.4 kJ/mol). 

The reaction was continued with TS2 within which the proton transfer from the 

catalyst to the product will occur. It can be seen that in TS2 one N-H distance de-

creased, while the other increase compared to the IM (Figure 4). The zero-point cor-

rected relative energy of TS2 calculated in THF is -108.68 kJ/mol, which is slightly 

lower than in the case of IM (DE0 = –102.89 kJ/mol) (Table 1, Figure 5). Due to the 

potential limitations of the method, attempts to locate TS2 were not successful in gas 

phase. The penultimate step in this reaction mechanism is the formation of the prod-

uct complex (PC). It is a bimolecular complex of the final product methyl phenyl-

carbamate and DBU (Figure 4). The final step is the separation of the catalyst from 

the product. All in all, the solvent has a quite large effect on the energetics of the 

catalytic reaction (Table 1). The presence of the catalyst changes significantly the 

reaction mechanism compared to the catalyst-free case. The product will form 

through a multi-step pathway and the relative energies are also significantly reduced 

by the presence of DBU (Figure 3 and Figure 5).  

 

 

Figure 5 

Energy diagram (zero-point corrected) of the phenyl isocyanate (PhNCO) and 

methanol reaction in the presence of DBU calculated at the B3LYP/6-31G(d) level 

of theory in THF using the SMD implicit solvent model at 298.15 K and 1 atm. R: 

reactants+catalyst (PhNCO+MeOH+DBU), RC: reactant complex, TS: transition 

state, IM: intermediate, PC: product complex, P: product 
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CONCLUSION 

Catalysts play a fundamental role in industrial chemical transformations. Most of the 

chemicals are made through catalytic processes since catalysts provide energetically 

more favorable reaction pathways compared to noncatalytic processes. The urethane 

formation between phenyl isocyanate and methanol as a model system in the pres-

ence of a secondary ketimine (DBU) catalyst was investigated. Using DFT calcula-

tion at the B3LYP/6-31G(d) level of theory the reaction was investigated in gas 

phase and in organic solvent (THF). The catalyst-free reaction was also computed 

and used as a reference. The results showed that the highest energy point along the 

reaction in the presence of DBU was below the entrance level (∆E0gas = –9.69 kJ/mol, 

and ∆E0THF = –8.04 kJ/mol), while the corresponding value in the catalyst-free case 

was above 100 kJ/mol in both gas phase and THF (∆E0gas = 107.93 kJ/mol, and 

∆E0THF = 110.22 kJ/mol). Thus, by adding a catalyst to the system, the activation 

energy is significantly reduced, and urethane formation is promoted. A multi-step 

catalytic process revealed, and further studies will be carried out to understand other 

aspects of the reaction. Based on the current and upcoming results, the design of new 

catalysts will be possible in the near future. 
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