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RESUMO 

 Nos últimos anos, tem havido uma preocupação crescente sobre o que fazer com os 

resíduos de papel. Tendo em vista essa preocupação surgiram maneiras criativas e 

interessantes de resolver esse problema. Uma delas é a reciclagem de resíduos de celulose 

empregada na mais avançada metrologia de papel de última geração. A estrutura básica da 

reciclagem dos resíduos de papel é reduzir a sua forma primária, ou seja, fibras de celulose, 

que são um bloco de construção para a fabricação de papel reciclado. 

 Neste trabalho, foi utilizado a polpa residual e esta foi refinada num método fácil e 

de baixo custo misturado com o polímero polipirrol para produzir papel eletrónico. Em 

seguida, foi criado um dispositivo de colheita de energia que funciona com base num 

sistema de transferência de cargas quando a força é aplicada na superfície do polímero. Este 

sistema tem como objetivo transformar energia mecânica em energia elétrica para alimentar 

o dispositivo. 

 Também foi determinado o papel que apresenta as melhores condições para formar 

este sistema. 

 No futuro, esta aplicação poderá ser usada para ajudar a desenvolver sistemas de 

colheita de energia que sejam pequenos e de baixo custo.   
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ABSTRACT 

 In recent years, there has been growing concern about what to do with waste paper. 

In view of this concern, creative and interesting ways have emerged to solve this problem. 

One of them is the recycling of cellulose waste used in the most advanced state-of-the-art 

paper metrology. The basic structure of recycling waste paper is to reduce it to its primary 

form, i.e. cellulose fibers, which are a building block for the manufacture of recycled paper. 

 In this work, waste pulp was used and it was refined in an easy and low-cost method 

mixed with polypyrrole polymer to produce electronic paper. Next, an energy harvesting 

device was created, that works on the basis of a charge transfer system when force is applied 

to the polymer surface. This system aims to transform mechanical energy into electrical en-

ergy to power the device. 

 The paper that presents the best conditions to form this system was also determined. 

 In the future, this application could be used to help develop energy harvesting sys-

tems that are small and low-cost. 
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1. 

INTRODUCTION 

 Context and motivation 1.1.
 

 Climate change is one of the biggest challenges that we face nowadays. 

 To fight this threat that affects all of Humankind, we need to find new ways to tackle 

this problem.  One of the ways to reduce our impact on the environment and help fight Cli-

mate change is not only reducing and reusing, but also recycling the materials that we use 

daily. One of these materials is paper, which usually ends up in the Trash and which leads 

to dumps for disposal. 

 Besides the conventional applications, paper can be used in the field of electronics, 

having a lot of potential, deserving of attention and further research. However, there is still 

a lot of room for improvement not only in the area of paper electronics but also in new ways 

of recycling paper for more functional purposes. 

  The energy harvesting devices in this work is an extension of this area. The ad-

vantages provided by this device are: low-cost; flexible; uses waste for its composition. 

   

 State of the Art 1.2.
 

 In recent years there has been an increase in devices that are based in cellulose such 

as solar cells, energy storage and mechanical energy harvesters, sensors, etc...   

 The triboelectric nanogenerator (TENG) was first published in 2012 as a new form of 

technology for converting mechanical energy from the environment to electrical energy. [1] 

And ever since, there has been an increase in scientific literature.   

. These charge transfer mechanisms is due to PPy being a conjugated conducting pol-

ymer. 
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 Electronic Waste 1.3.
 

 In recent years there has been an increase in the production of electronic devices 

which has led to a growth in waste those results from these devices ending up in the trash 

without any kind of treatment nor action to recover the raw materials. These devices range 

from computers to mobile phones and many others. The world produces as much as 50 mil-

lion tons of electronic and electrical waste a year (Figure 1.1). But only about 20% of this 

waste is recycled. [2] 

 The WHO (World Health Organization)  Director-General, Dr. Tedros Adhanom 

Ghebreyesus, has also stated that we are facing a "tsunami of e-waste" [3]. E-waste will have 

a significant impact on our planet's and population's future. 

 

 

Figure 1.1 — Graphical Representation of the Evolution of E-waste from 2018 to 2060. Show-

ing an increase from 50 million in 2018 to 120 million in 2050. [1] 

 

 Recycling Electronic Waste 1.4.
 

 Now that it is established that e-waste is a concern, recycling could be a good option 

to approach this problem. 

 Recently, a new study was published providing us some key insights into new ways 

to recycle e-waste paper and studies on the topic of e-waste paper (more specifically in Chi-

na). In that study is highlighted that China has the highest production of e-waste (25.7%) 

compared to other countries. But also ranked first and published over 1300 peer-reviewed 

papers on e-waste since 2000 (Figure 1.2). [4]  Also, recycling e-waste is more cost-effective 

than virgin mining. By recycling, we could save huge amounts of waste and still be able to 

extract materials from them. And the potential for the recycling of e-waste was expected to 

reach $73.4 billion US dollars by the year 2030. [4] 
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Figure 1.2 — Trend and contribution of peer-reviewed papers on e-waste topic published by 

top 10 countries from 2000 until 2018 [4] 

 

 Paper electronics as an alternative 1.5.
 

 The advantages of paper-based substrates are their high availability, cheap cost, 

portability, lightweight, biodegradability, and environmental friendliness. Because of these 

benefits, paper has become an unavoidable substrate for a wide range of electronic devices 

such as solar cells, radio frequency identification (RFID) tags, microfluidic glucose sensors, 

flexible displays, micro-electromechanical systems (MEMS), touch sensors, foldable passive 

components and circuits, and energy storage devices. [5] [6] [7] 

 Paper substrates are among the most promising alternatives for flexible, affordable, 

and environmentally friendly electronic devices, because future mass production will re-

quire fast and mature procedures to develop genuine commercial products. [8]  

 Also, cellulosic paper is the world's lightest and cheapest substrate material, as well 

as the planet's most important biopolymer and a major source of worldwide economic activ-

ity. [9] 

 Furthermore, paper is a recyclable material, leading to the reduction in the use of 

scarce resources, and the finished devices may be readily disposed of by simple incineration. 

Despite all of the unmatched advantages listed, paper electronics now have inescapable 

downsides. The characteristics of paper, for example, are greatly dependent on humidity 

and temperature, necessitating precise condition control. [8]  
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 Mechanical Energy Harvester  1.6.
 

 Mechanical energy harvester or mechanical nanogenerator is the energy harvesting 

process, where the energy harvester accumulates mechanical energy from the ambient envi-

ronment in any forms (such as vibration, motion, human movements, air flow etc.) and con-

vert it into electrical energy. 

 These energy harvester are being touted as potential independent power sources for 

low-power electronic devices such as wireless sensors, portable electronics, and medical 

implants through integrated with energy harvesting and transducing systems, where energy 

is harvested from ambient sources [10] This self-powered technology thereby alleviate diffi-

culties associated with batteries, such as limited lifespan, huge size, pollution, and high 

maintenance costs. [11] 

 From last decades, triboelectric or piezoelectric materials are already being explored 

in this area by different research groups. In this particular, conjugated polymer like polyani-

line, polypyrrole is a unique choice because they have a unique combination of hard (metal 

like) and soft (organic like) matter, which can be exerted to convert mechanical stimuli to 

electrical energy. [11] 

 

 

 

 Polypyrrole (PPy) and Charger Transfer Mechanism 1.7.
 

 Polypyrrole (PPy), the conjugated polymer that is explored during this master thesis 

work for functionalized recycled paper substrate to design energy harvester. The interesting 

feature of conjugated polymers like PPy is that the chemical and physical properties this 

polymer can easily be modified through doping-dedoping processes. Because of that conju-

gated polymers are used in different kind of smart applications such as electronics, energy 

storage, energy harvester, sensors, etc… [11] [12] 

 Moreover, the pyrrole monomer has a good environmental stability and great redox 

properties that make it easy to oxidize, is soluble in some common solvents (including wa-

ter), that makes the materials very stable in the ambient atmosphere.   

 PPy is attractive because of its properties such as: high conductivity; strong redox 

activity; easy processability; great thermal and electrochemical stability; low toxicity for the 

environment. [13] The use of such polymers in the energy harvesting devices relies on the 

fact that PPy has a structural disorder and electrical properties that exhibit both metallic and 

semiconductor behavior. [14] 

 PPy has been frequently synthesized through chemical/electrochemical polymeriza-

tion. However, pure PPy is brittle and somewhat difficult to process. [15] [16]  

 In this this master thesis work, PPy has been explored as an efficient energy harvest-

er by showing its charge transfer mechanism. PPy has the role of being a charge transfer 

mediator. 
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Figure 1.3 - Chemical structure of Polypyrrole [17] 

  

 

 Charge transfer mechanism is a mechanism that enables the generation of electrical 

energy from mechanical energy. 

 When pressure is applied to the device, the polymer chains bend, causing an increase 

in the local electrical density, which causes "Fermi level pinning". [18] This causes the charg-

es to transition from the active layer to the charge collection layer.   

 When the pressure is released, the polymer reverts to its original structure, resulting 

in a charge shortage in the area where the pressure was applied. The "hoping mechanism" 

compensates for the lack of charges by transferring charges from surrounding polymer 

chains to the region where the electron density is scarce (Figure 1.4). 

  

 

 
 

Figure 1.4 - Synthesis of the process of charge transfer mechanism in 3 conditions: No Pres-

sure; Pressure applied; Pressure released 
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2. 

Materials and Methods 

2.1.    Obtaining cellulose from waste paper  
 

 The source for the cellulose fibers was old newspapers. To obtain the fibers, small 

pieces of paper were blended with water and mixed thoroughly. After blending, the paste 

obtained was filtered (ø 200 mm) to strain out the water as possible to obtain cellulose. The 

wet cellulose paste was then heated in the oven and left for at least 12h (More information in 

Annex A.1.1). 

2.2.    Production of cellulose-matrices for electronic applica-

tion  

2.2.1. Cellulose substrates made in water / ethanol systems 
 

 The recycle paper produced are produced in the medium of water/ethanol systems 

(with a different weight ration). The amount of Cellulose used was 0.83g (0.5% Cellulose) 

which was the best weight (Annex A.1.2.4.). To make the substrates, water and ethanol were 

mixed in a blender and then put in the sonicator for 45min to mix everything. After, the so-

lution with the cellulose fibers dispersed was filtrated and the recycled paper substrates 

dried overnight in the oven to completely dry. The following weight percentages of Ethanol 

to Water were used: 0%; 20%; 50%; 80%; 100%. This corresponds to: 0 g; 32 g; 80 g; 128 g; 160 

g (Table 2.1). 

Table 2.1 — Ethanol/Water percentage and corresponding weight 

Ethanol 160 g (100%) 132 g (80%) 80 g (50%) 32 g (20%) 0 g (0%) 

Water 0 g (0%) 32 g (20%) 80 g (50%) 132 g (80%) 160 g (100%) 

2.2.2. Paper functionalization with PPy 
 

 Before the functionalization with PPy the recycled paper substrates were cut into 

small squares of          . This was done to ease the process and make the process of func-

tionalization quicker. 
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For the functionalization the following solutions were used:  

 Solution A: 10 ml Distilled Water; 1.3g APS (Ammonium persulfate); 125µl HCl  

 Solution B: 20 ml Distilled Water; 200µl Pyrrole. 

 These two solutions were mixed with ice around to reduce the reaction time which 

were then applied to the paper substrates whether it's in Drop-cast or Dipping.  

 In terms of the functionalization, a 1:2 Volume Ratio was used: 1 for Solution A and 2 

for Solution B. Which translates to 12µl of solution A and 24µl of solution B (More infor-

mation in Annex A.1.7). 

 After functionalization, the paper with PPy was left to dry for about 24h.  

2.3.    Production of electrodes 
 

 To design the electrodes for the energy harvester device, the screen-printing tech-

nique was used.  Whatman paper has been used for printing the electrode layer.  Silver 

(CRSN2442 AG INK, Coated Screen Inks) and carbon (CRSN2664 C INK, Sun Chemical) ink 

was deposited on the Whatman paper by screen printing technology. The inks were cured 

on a hot plate 30-60 minutes. More information in Annex A.1.8) 

2.4.    Fabrication of the device 
 

 For the fabrication of the energy harvester device the electrode is combined and joins 

together with the paper that was functionalized. Everything is then wrapped in Whatman 

paper using a small adhesive tape. Whatman paper was put both on top and below (Figure 

3.17). The top and bottom layer will have Whatman Paper. In the middle are the functional-

ized recycled paper substrate with PPy (which is an active layer) and another layer with 

electrode (which is silver or carbon printed paper substrate) next to it. 

2.5.    Characterization Techniques 
 

 The scanning electron microscope (SEM TM3030) was used for examining and ana-

lyzing the morphology of microstructure. [19] Energy dispersive spectroscopy (EDS) used 

with SEM to determine the chemical elements present in the recycled paper substrate. 

 Fourier transform infrared (FTIR) spectroscopy was used for the measurement of the 

absorption (or transmission) of infrared radiation as a function of wavelength number. This 

was used for investigating the functional group present in a given recycled paper 

substrate.[20] Measurements of weight, thickness and area were also made to determine 

density and porosity. 

 For electrical analysis an oscilloscope was used to measure the voltage and current 

(IV-Curves) (Open Circuit Voltage and Short Circuit Current) and origin program to obtain 

the graphs and values. (More information in Annexes A.2 and A.3).  
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3. 

Results and Discussion 

3.1.    Chemical and Morphology Analysis of cellulose sub-

strates 
 

 Cellulose is a biomaterial that is found in nature and is extensively employed in the 

biomedical industry. It's abundant, easy to regenerate, and biodegradable. [21] 

 Despite being hydrophilic, cellulose is insoluble in water and difficult to dissolve 

with conventional organic solvents due to intermolecular and intramolecular hydrogen 

bonding between the hydroxyl groups of nearby cellulose strands. [21] 

  Since of its low solubility, cellulose is an excellent biomaterial for tissue engineering 

because it can withstand physiological conditions. [21] 

 In regards to ethanol, its qualities allow it to be used as a dehydrating agent during 

treatment before drying. It has been demonstrated that it improves the quality of dried 

products and speeds up the drying process. [22] 

 Given that water and ethanol have been demonstrated to connect with cellulose, it 

would be interesting to explore what would happen if varying percentages of these two 

components were combined in paper made from old newspapers and broken down to their 

purest form. 

  

3.1.1. Morphology and properties of cellulose-substrates: etha-

nol and water dependency 
 

 In this section, recycled paper substrates that contain ethanol and water (with vary-

ing percentages) were made and thoroughly examined.  

 But before examining the paper substrates manufactured out of recycled cellulose 

fibers, a small drop of ethanol contacting recycled cellulose fibers was dropped in silicon to 

see if the fibers and substrates are comparable (Figure 3.1).  This was made to serve as a ref-

erence point for understating the size and shapes of the fibers. 

 From observing one of the SEM images the average length of the fibers tends to be 1 

mm with and Standard deviation of 0.32mm. This was done by taking 10 measurements of 

these recycled paper substrates.   
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Figure 3.1 — Recycled paper substrate with a small drop of Ethanol with cellulose fibers on 

silicon – (a) Recycled paper substrate on Silicon (b) Cellulose fibers present in the recycled 

paper substrate obtained from SEM imaging 

   

 

 The recycled cellulose fibers from newspaper as mentioned before, has been used as 

a raw materials resource for manufacturing new paper substrates, with different percent-

ages of water and ethanol as a solvent medium.  

 As mentioned previously (Materials and Methods 2.2.), these recycled paper sub-

strates (recycled paper substrate) are the final result of the process using only the white part 

of the newspaper. Compared with the other portions of the newspaper which contains inks 

(as a pictures or texts form), the white part shows good functionality with PPy. It can be as-

sumed that the colored part of the newspaper contains several organic dyes as an ink. 

 In our low-cost recycling approaches, the de-inked mechanism was not used. 

 It is possible to see in Figure 3.2 the recycled paper substrates (without any type of 

functionalization and also no reagents) that with an increase in ethanol lead to an increase in 

the roughness of the recycled paper substrate (as clearly noticed from the photographic im-

ages of each recycled paper substrate shown in Figure 3.2).  

 In the recycled paper substrate with no ethanol, there is no major surface roughness 

when considering the recycled paper substrates with 80% and 100% of ethanol.  There are 

many lumps can be observed throughout the paper surface for higher ethanol percentage.

  

 
 

Figure 3.2 — Pictures of 5 Recycled paper substrates. From left to right:  20% Ethanol; 0% 

Ethanol; 50% Ethanol; 80% Ethanol; 100% Ethanol 
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 Also, in the blending process, it was noted that recycled paper substrates prepared 

with higher contents of ethanol and less water required a bit more time in the blender. While 

for recycled paper substrates with water the blender was turned on for about 30 seconds. 

  The recycled paper substrates with a higher percentage of Ethanol required up to 2 

minutes of blending in order to obtain a better dispersion of the fibers in the solvent system 

of blending. 

 Figure 3.3 is the resulting SEM imaging (surface and cross-section) of the recycled 

paper substrate with just Water and no Ethanol. 

 

Figure 3.3 — SEM image - 0.5% Cellulose – 100% Water and 0% Ethanol -  

(a) Substrate surface (b) Cross-section 

 

  

The variation of the amount of solvents leads not only to different morphologies of the sub-

strate but also change properties such as density and porosity of the recycled paper sub-

strates. 

 In order to measure these characteristics, the recycled paper substrates were cut into 

squares of          . Then, the recycled paper substrates were weighed on a scale and the 

thickness was measured with a micrometer.  

 The formulas that were used for these calculations are the:  

 Formula for volume:                  ;  

 Formula for density:   
 

 
  

 

     where   is mass an   is volume 

 Formula to obtain porosity   (  
    

    
)       , where      is the density 

of the recycled paper substrate in question and      is the density of cellu-

lose. [23]  

 This was done considering the density of cellulose (In Bulk) was: 1.5 gcm-3. [24] . The 

resulting values of density are of raw material Density. 

 The resulting tables from these calculations are Table 3.1.1 and Table 3.1.2.  

 

 

 



 42 

Table 3.1.1 — Density and porosity of the Ethanol and Water recycled paper substrates from 

white part of newspaper 

 

Samples 
Thickness 

(mm) 
Mass (g) 

Volume 

(   ) 
Density (

 

   ) 
Porosity 

(%) 

0% Ethanol 0.29 0.06 0.12 0.52 65 

20% Ethanol 0.48 0.03 0.18 0.19 87 

50% Ethanol 0.89 0.04 0.36 0.11 83 

80% Ethanol 0.54 0.05 0.22 0.22 85 

100% Ethanol 0.55 0.04 0.22 0.17 88 

  

 In Table 3.1.1, the volume and density is the highest with the recycled paper sub-

strate with no Ethanol whatsoever. Also, that with just a small increase in Ethanol from the 

recycled paper substrate with just water to the one with 20% Ethanol, the porosity increase 

by a huge number (From 65.398% to 87.334%).  

 The same findings can be found with the colored newspaper parts which are pre-

sented in Table 3.1.2. This was done to find if a similar pattern happened (in relation to the 

white part of the newspaper). 

 The density was highest with the recycled paper substrate with no Ethanol and po-

rosity was the lowest. From the recycled paper substrates with 0% Ethanol to 20% Ethanol 

there was a big jump of 16.81% (From 74.92% to 91.73).  

 This also confirms that the same pattern occurred. As said before, when there is an 

increase in Ethanol and decrease Water (in terms of percentage) recycled paper substrates 

that have more lumps and increase in porosity are obtained. This may be due to different 

ways Ethanol and Water connect to Cellulose. 

 

Table 3.1.2 — Density and porosity of the Ethanol and Water recycled paper substrates tak-

en from colored newspaper  

 

Samples 
Thickness 

(mm) 
Mass (g) 

Volume 

(   ) 
Density (

 

   ) 
Porosity 

(%) 

0% Ethanol 0.31 0.04 0.12 0.38 75 

20% Ethanol 0.55 0.03 0.22 0.12 92 

50% Ethanol 0.55 0.04 0.22 0.20 87 

80% Ethanol 0.58 0.04 0.23 0.16 90 

100% Ethanol 0.61 0.06 0.24 0.26 83 

 

 Also, the color changes because when the recycled paper substrates that contain eth-

anol and water are filtered the color stays in the recycled paper substrates, as seen in Figure 

3.4.  

 With an increase in ethanol there is also an increase in the color that remains in the 

recycled paper substrates. This was only relevant to the recycled paper substrates that were 

cut from the colored parts of the original newspaper. 
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Figure 3.4 — Picture of recycled paper substrates obtained from colored newspaper. From 

left to right:  0% Ethanol; 20% Ethanol; 50% Ethanol; 80% Ethanol; 100% Ethanol. This was 

obtained from colored newspaper unlike the others which came from just the black and 

white parts 

 

3.2.    Functionalization of substrates with PPy 
 

 The recycled paper substrates were then functionalized with PPy. The functionaliza-

tion procedure is straightforward and quick and results in the interaction of multiple re-

duced and oxidized monomer blocks. It was chosen to use the Oxidative Chemical polymer-

ization (COP) for this functionalization. [25] APS was the oxidizing agent used. 

 The two methods used were the Drop-cast method and the Dipping method (Both in 

Situ) (More information in Annex A.1.7). Both were used to be later tested and to see what 

influence they would have on results from Morphological and Electrical Analysis. 

 The polymerization of PPy happened for 24h which was the time for the recycled 

paper substrates to completely dry. Also, there was no washing step included in this pro-

cess. [26] 

 

 
Figure 3.5 — Picture of multiple recycled paper substrates with varying degrees of Ethanol 

being left to dry after functionalization with PPy. The small recycled paper substrates on the 

left are the one that were put through Drop-cast and the right one was the one that went 

through the Dipping process. From the left to right: 0% Ethanol; 20% Ethanol; 50% Ethanol; 

80% Ethanol; 100% Ethanol; Whatman paper.  
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 Figure 3.5, are presented the samples with varying levels of ethanol and water.

 With the comparison, it can be noticed from the Figure 3.5, that the entire samples 

were functionalized while using dipping approaches. With the drop-cast technique, solvent 

penetrates all over the paper substrates throughout the cellulose network. Due to the use of 

100% recycled cellulose fibers to fabricate new recycled paper substrate, the fibers length 

and arrangement are not in well ordered (can be observed in SEM morphological images). 

Therefore with drop-cast approach, there may have been fibers that were not fully function-

alized in the center of the samples with PPy. But the wettability was more prominent in 

samples with Dipping.  

 The following images (Figure 3.6 to Figure 3.10) are of SEM of the first recycled pa-

per substrates with varying percentages of ethanol and water. These were done to analyze 

what happened to the fibers after they were functionalized with PPy. This is useful for com-

paring them to the images of the fibers after they were made and properly functionalized. 

 The left images of the figures (Figure 3.6 to Figure 3.10) are those that went through 

the dipping process, while the right images of the same figures are the fibers that were drop-

cast. All images are of the surface of the substrate.  

 

 Figure 3.6 — SEM - Surface of recycled paper substrate with 0% Ethanol with PPy.  

(a) Dipping method (b) Drop-cast method 

Figure 3.7 — SEM - Surface of recycled paper substrate with 20% Ethanol with PPy.  

(a) Dipping method (b) Drop-cast method 
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Figure 3.8 — SEM - Surface of recycled paper substrate with 50% Ethanol with PPy.  

(a) Dipping method (b) Drop-cast method 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9— SEM - Surface of recycled paper substrate with 80% Ethanol with PPy. 

(a) Dipping method (b) Drop-cast method 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 — SEM - Surface of recycled paper substrate with 100% Ethanol with PPy. 

(a) Dipping method (b) Drop-cast method 
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 It is observable (Figure 3.6 to Figure 3.10) that the pictures have similarities between 

them even though they are composed of different values of ethanol and water in their com-

position.  

 Also, comparing the dipping and drop-cast methods, there is no substantial differ-

ence in terms of the fibers and their overall structure.  (More pictures in Annex A.2.2 to An-

nex A.2.4) 

 In Figure 3.11 is a SEM picture of Whatman paper (containing no Water or Ethanol) 

that was decided to functionalize with PPy. This was done to serve as reference point as the 

Whatman paper did not go through the blending process and other processes that the sub-

strates went through.  

 It is possible to see that the fibers appear to have less loose ends and there are no 

major “holes” in the structure compared to the recycled paper substrates from Figure 3.6 to 

Figure 3.10. This is due to Whatman paper not going through the blending process. 

 

 

 
Figure 3.11 — SEM Picture - Whatman paper functionalized with PPy 

  

   

 The analytical technique of energy-dispersive x-ray spectroscopy was used for the 

elemental analysis of a recycled paper substrate. It is based on the analysis of the interaction 

between an x-ray source and a recycled paper substrate. Each characterization skills are 

largely attributable to the fundamental premise that each element has a unique atomic struc-

ture, resulting in unique sets of peaks on its x-ray spectrum. [27] 

 In Figure 3.12, it is shown an area of the substrate surface that was used for the SEM-

EDS analysis. The elements are also displayed with color to be able to differentiate from one 

another.  
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Figure 3.12 — SEM-EDS Analysis of recycled paper substrate with 0% Ethanol (Only water). 

(a) SEM picture of area chosen for SEM-EDS analysis (b) Graph of elements found in the 

area for analysis (c) SEM picture of area chosen for SEM-EDS analysis with elements in be-

ing represented in color (d) Color of the elements - Yellow/Carbon; Red/Oxygen; Sulfur/ 

Green. Dark Blue/ Silicon; Light Blue/Aluminum 

 

  

 From Figure 3.12, it is possible to see that the elements that sand out are carbon, oxy-

gen, sulfur, silicon and aluminum.  

  The values of the Table 3.2 were taken from SEM-EDS analysis and put on the table 

for better comprehension as it is necessary to determine precisely what the percentages of 

the elements are present in the corresponding recycled paper substrates. 
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Table 3.2 - Element percentages of the Ethanol recycled paper substrates and Whatman Pa-

per (%) 

Recycled paper 
substrate  / 
Element (%) 

Carbon Oxygen Sulfur Silicon Aluminum Calcium 

0% Ethanol 
Dipping 

39.24 51.45 8.89 0.24 0.18 N/A 

0% Ethanol 
Drop-cast 

N/A N/A N/A N/A N/A N/A 

20% Ethanol 
Dipping 

38.44 52.43 8.01 0.47 0.19 0.46 

20% Ethanol 
Drop-cast 

50.62 48.15 0.97 0.25 0.01 N/A 

50% Ethanol 
Dipping 

33.62 58.97 12.04 0.25 0.19 0.07 

50% Ethanol 
Drop-cast 

48.74 48.55 0.93 0.93 0.30 0.55 

80% Ethanol 
Dipping 

N/A N/A N/A N/A N/A N/A 

80% Ethanol 
Drop-cast 

46.49 48.59 2.77 0.31 0.09 1.65 

100% Ethanol 
Dipping 

37.70 60.49 12.11 0.19 0.03 N/A 

100% Ethanol 
Drop-cast 

46.41 48.45 2.7 0.22 0.16 1.59 

Whatman 
Dipping 

43.77 55 1.22 N/A N/A N/A 

Whatman 
Drop-cast 

39.21 58.13 2.65 N/A N/A N/A 

 

 From the table (Table 3.2), the main Elements that stand out from the others are car-

bon and oxygen which comes mainly from cellulose and PPy itself. The presence of sulfur is 

only due to use of APS during the polymerization. Some few amounts of aluminum and 

calcium may be coming from the recycled cellulose fibers which were used from the news-

papers. Though, because of using recycled lab-scale paper substrate (where the fibers 

lengths and distribution is not completely homogenous) the percentage of elemental map-

ping cannot be totally quantified.  Unfortunately, there were 2 recycled paper substrates (0% 

Ethanol Drop-cast and 80% Ethanol Dipping) that were not possible to analyze and conse-

quently obtain values. Therefore they are presented in the table as N/A (Non applicable). 

 The mathematical procedure (Fourier transform) is used in Fourier transform infra-

red spectroscopy (FTIR) to transfer the raw into the actual spectrum. The infrared spectrum 

of transmission or absorption of a recycled paper substrate and the presence of organic and 

inorganic chemicals are obtained using the FTIR method. [20] Two FTIR analyses were done. 

 The first was done with recycled paper substrates not functionalized with PPy which 

are seen in Figure 3.13.  The second analysis was after the functionalization with PPy (Both 

Dipping and Drop-cast method of 100% Ethanol) which corresponds to Figure 3.14. All 

analysis is of the absorbance of the recycled paper substrates. These were made using the 

program origin. 
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Figure 3.13 - FTIR analysis of all recycled paper substrates and paper from the newspaper 

used (Not functionalized) – Origin 

 

 
Figure 3.14 - FTIR analysis of 100% Dipping and 100% Drop-cast paper substrates (Func-

tionalized with PPy) - Origin 
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 In Figure 3.13 and Figure 3.14 there is a common pattern appear where there is a 

peak around wavenumbers: 3300 cm-1; 1000 cm-1; 200 cm-1. 

 In Figure 3.14 the absorbance is higher for dipping than it is for drop-cast. And the 

peaks are also higher. 

 For all the recycled paper substrates, it is possible to conclude that there are main 

peaks that contain C=O stretching (acid halide) and O-H stretching (alcohols). [28] This due 

to the majority of paper being made up of organic components, such as carbon, hydrogen, 

and oxygen (C, H and O).  

  C–H wiggling is responsible for the peaks around 1000 cm-1. C=C stretching is rep-

resented by peaks around 1500 cm-1, whereas C=N and C–N bonds are represented by 

peaks at around 1600 cm–1 and 1300 cm–1.  

 The presence of N–H stretching vibrations is attributed to the development of tiny 

peaks at 3300 cm–1. The peaks detected in this study are consistent with those found in simi-

lar literature. [29] [30] [31] 

 There may also be some presence of Amine (N-H) and Carbon Dioxide (O=C=O) 

which corresponds, respectively, to 3500 cm–1 and 2349 cm–1,  

 Other graphs related to FTIR (including individual recycled paper substrates) were 

also made and can be found in Annex A.2.5. 
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3.3.   Electrical Analysis 
 

 The purpose of the electrical analysis of the recycled paper substrates was to deter-

mine the best values and to which recycled paper substrates they corresponded to.  

 In Figure 3.15 is the technical drawing of the recycled paper substrate and the actual 

recycled paper substrates that were tested. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 — (a) Drawing of the device (b) Box where all recycled paper substrates that 

formed the device where kept to then be used for Electrical Characterization.  

  

 To check the conductivity of the samples an oscilloscope was used and two types of 

circuits: Open-Circuit and Closed-circuit. In Figure 3.16 is a drawing of the whole setup with 

full-wave rectifier circuits. 

 Also, to obtain the electricity the samples were tapped with an index finger (using 

moderate force). In both instances, 5 pictures were taken from the oscilloscope (Short Circuit 

Current and Open Circuit Voltage). 

 
Figure 3.16 — Drawing of the whole setup used for Electrical Characterization 
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 The voltage was measured in the oscilloscope when an index finger was exerting 

pressure against the system (Figure 3.17). The recycled paper substrate was glued to the 

floor to make sure it was stable.  

 The force was mild and although it is impossible to be very precise and consistent as 

sometimes more or less force was used. The force used and the tapping pattern were as con-

sistent (and as rhythmic) as possible to obtain the most accurate information for analysis. 

 To obtain the current a resistance was needed so that it was possible to use Ohm 

Law       ). This Resistance had the value of:          .  

 The analysis of values and consequently the creation of graphs (Figure 3.18 and Fig-

ure 3.19) were all done using the computer program origin. 

 Only the top 3 peaks of each of the five photos were considered for measuring the 

values. And, after obtaining these values, the average of these peaks was done.  

 As said before, this was done all the five photos (five photos for each recycled paper 

substrate) obtained from the Oscilloscope. When using an Open Circuit Voltage it is ex-

pected to get higher and lower peaks than in the Short Circuit Current setup.  

 Both (Short Circuit Current and Open Circuit Voltage) measurements helped deter-

mine which of the recycled paper substrates (with the varying percentages of Ethanol) were 

the best. (Another example can be found in Annex A.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 — (a) Index finger moving up and down to put pressure in the recycled paper 

substrate that is laid on the table (b) Photo taken of the setup of the whole circuit for Electri-

cal Analysis 
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 Figure 3.18 — Example of graph obtained from 0% Ethanol with the Dipping method – 

Short Circuit Current - (a) Graph of Voltage and Time (b) Graph of Current and Time. Ob-

tained from Graph (a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 — Example of graph obtained from 0% Ethanol with the Drop-Cast method – 

Open Circuit Voltage - (a) Graph of Voltage and Time (b) Graph of Current and Time. Ob-

tained from Graph (a) 

  

  

 Considering all of the charts and taking all the averages, It was decided to put them 

on a table so that it can be accurately compared the values and determine which of the recy-

cled paper substrates presented the highest values. The variation in peaks of Figure 3.18 and 

Figure 3.19 are due to finger pressure which can never be completely precise due to human 

error. 

 The values of were analyzed to try and find a clear and distinct “winner” in terms of 

the highest value and see if it is possible to determine if Dipping is better or worse than 

Drop-cast as a method for the functionalization of the substrates with PPy.  
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 The negative values are due to the charge traveling attempting to achieve electrostat-

ic stability. Because the movement of this charge carrier is in the opposite direction due to 

scarcity, it generates a voltage or current with the opposite polarity. [32]  

 The following tables (Table 3.3.1 and Table 3.3.2) are of the values obtained with Sil-

ver as an electrode. And (as said before) all these recycled paper substrates were functional-

ized with PPy. 

 

Table 3.3.1 - Average Currents (I) (µA) – Dipping 

 

 Short Circuit Current (µA) Open circuit Voltage (µA) 

0% Ethanol 0.77 1.80 

20% Ethanol 0.50 1.11 

50% Ethanol 0.63 0.28 

80% Ethanol 0.35 1.05 

100% Ethanol 0.24 1.23 

 

 In Table 3.3.1 are the values for the Dipping process in terms of their average cur-

rents. In Table 3.3.2 are the values for the Drop-cast process in terms of their average cur-

rents. 

Table 3.3.2 - Average Currents (I) (µA) – Drop-cast 

 

 Short Circuit Current (µA) Open circuit Voltage (µA) 

0% Ethanol 0.22 1.07 

20% Ethanol 0.46 0.97 

50% Ethanol 0.29 0.79 

80% Ethanol 0.23 0.90 

100% Ethanol 0.16 1.34 

 

 

 From both tables (Table 3.3.1 and Table 3.3.2) it is clear that the Dipping method 

produces far better results. This may be due to the recycled paper substrate being fully 

would lead to more conduction of electricity as there is more PPy present that in Drop-cast. 

 In a Short Circuit Current, all the recycled paper substrates in Dipping achieved 

higher values. In the Open Circuit Voltage, the recycled paper substrates 50% and 80%, and 

100% produced better results in Drop-cast, but the other two were better in Dipping.  

 It is also possible to see that the recycled paper substrates with 0% Ethanol were the 

best out of all the others by a large margin, especially if we consider only using the Dipping 

process. Achieving values of               in Short Circuit Current and             in 

Open Circuit Voltage.   

 Considering that it is in our best interest to seek the highest value of current it ap-

pears that the recycled paper substrate with 0% Ethanol and 100% water was better. And it 

is also better that if it was decided to functionalize again this substrate (considering these 

values for water and ethanol) it is better to use the Dipping process compared to the Drop-

cast method.  
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4.     

Conclusion and Future prospects 

 In this paper, it was shown how to obtain a successful Energy Harvesting device that 

is flexible, low-cost, and that was made from entirely recycled paper which came from old 

newspapers and was later functionalized successfully with polypyrrole (PPy).  

 Some interesting conclusions were also reached, such as the fact that in the filtration 

process (and when using colored parts from the newspaper), Ethanol did not remove the 

color from the colored newspaper while water did.  

  It was also demonstrated that polypyrrole (PPy) was a good polymer to be function-

alized to use for building this device and putting ice around the solutions while performing 

the functionalization, was a good idea as it slowed down the reaction and allowed for a 

slower and more efficient functionalization. 

 The best method to functionalize this paper was shown to be the Dipping method, 

which gave better results than the Drop-cast method but also made the structure of the recy-

cled paper substrate a bit weaker. This means that even though the Dipping process was 

better, it is not without its disadvantages. Also, the element Sulfur was much more present 

in the Dipping method due to the higher presence of APS. 

 Silver was shown to be a good conductor of electricity to use for this device and that 

was put on whatman paper (with Screen Printing) gave us solid values in the electrical anal-

ysis. 

 Ethanol was proven to be worse than water for the device but it did show it 

strengthening the fibers so perhaps an ideal percentage would be around 90% water and 

10% Ethanol. This would be a good area to explore as perhaps smaller percentages of Etha-

nol such as 5% or even 2% would produce even better recycled paper substrates. 

 Future prospects also include are trying to upscale the whole process and produce 

recycled paper substrates that are bigger and larger. All this process was made using recy-

cled paper substrates that were a few    long. It would be interesting to try and scale up the 

recycled paper substrates.  

 Also, another idea for the future could be using other reagents such as Nitric Acid or 

Ammonia and other type of equipment for building this device. There is a lot of scientific 

literacy of various combinations of reagents and techniques used related to cellulose and 

paper, so there could be an interesting way to make different recycled paper substrates that 

could potentially produce better devices. 
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A.  

Annex  

A.1.    Materials and Methods 

A.1.1. Blending process  
 

 
 

Figure A.1.1 – Picture of a newspaper and different sections used for obtaining paper. (1) 

Piece of paper cut with black ink (2) Piece of paper cut for white paper (3) Piece of paper 

with color 
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 Figure A.1.1 is an example of a newspaper used for obtaining cellulose. The newspa-

per is dived in 3 sections in order to obtain three different types of paper. The part of the 

paper that was most important was the one cut from section 2. This was also the zone that 

was most valuable to us. 

 Figure A.1.2 is a collection of images taken during the whole process of obtaining 

cellulose. 

 

 

 
 

 

Figure A.1.2 – Process to obtain cellulose in 4 pictures: a) Paper with water. b) Filtration pro-

cess c) Blender and the filter used in this process d) Cellulose being put in the oven 
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A.1.2. Substrates containing the reagents: NaCl; SDS; CA 
 

 This section is related to some experiments done with NaCl; SDS; CA that were per-

formed in the beginning of this Dissertation.  

 These were simply experiments to test the effects of regents in the substrates. This 

was done before focusing on ethanol and water as the main components of the dissertation. 

 A.1.2.1. Production of cellulose mix with ionized water 
  

 Before using reagents different percentages of molecular weight were chosen to then 

to experiment and decide which one was best.  

 The following percentages were used: 1%: 2%; 3%; 0.1%; 0.2%; 0.5%. These percent-

ages are related to the 160mL of water that was added (Table A.1). 

 

Table A.1 — Molecular weight of cellulose and corresponding weight in grams 

 

Weight of 

cellulose 

1.66g 

(1%) 

3.32g 

(2%) 

4.98g 

(3%) 

0.166g 

(0.1%) 

0.322g 

(0.2%) 

0.83g 

(0.5%) 

 

 

 A.1.2.2. Reagents used (NaCl; SDS; CA) 
  

 After obtaining cellulose, the following reagents were used to make new paper: SDS 

- Sodium dodecyl sulfate; CA - Citric acid; NaCl - Sodium chloride.  

 Different percentages of these reagents were used to obtain the best recycled paper 

substrate possible. For the recycled paper substrates with ethanol and water, reagents were 

not used. 

 Salts like NaCl (in addition to the moisture content of the paper), are employed in 

papermaking to control the qualities of electrophotographic papers and guarantee that they 

meet the requirements for the correct level of static electricity and toner transfer. 

 NaCl was used firstly because the addition of NaCl causes a significant drop in the 

surface and volume resistivity of paper. The addition of NaCl also raises the moisture con-

tent of the paper. [33] There was also a previous paper where Sodium was used for the pro-

cessing of waste paper, so NaCl has already been used with paper. [34] 

 When a little amount of SDS is added to the casting solution, the top-layer and sub-

layer membranes become significantly thinner and more porous than CA membranes. Add-

ing SDS thickens the layer of cellulose. Also, SDS has an amphiphilic structure (i.e., it has a 

hydrophilic head and a hydrophobic tail). As a result, a layer of SDS molecules forms on the 

casting film's surface, slowing the formation of the highly concentrated polymer on the cast-

ing film by reducing the rate of solvent outflow SDS also reduces the interaction between 

polymer chains by forming a polymer-surfactant complex. As a result, the skin layer's 

growth is slowed, and macro voids form in the suppository. [35] 
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 Also, compressive strength can increase with a dose of CA. The CA molecule can be 

attached to cellulose by one ester bond (no crosslink) or two ester bonds (intra- or interfiber 

crosslink).  Increased inter and intrafiber crosslinking, as well as reduced moisture uptake, 

can significantly increase the compressive strength after CA treatment. Also, CA treatment 

without an extra curing catalyst can more than treble the lifetime of corrugated boxes under 

cycling humidity conditions and a steady load. [36] 

 HCL was used for the cellulose to be hydrolyzed more quickly. HCL affects the rate 

of hydrolysis in the sense that it increases it significantly. [37] 

 

 A.1.2.3. Waste paper substrates with surfactant agents  
 

 First, the blender was used to blend the dried cellulose with water. After blending, 

the solution was put on the sonicator. Where NaCl (that has already been mixed) and other 

reagents such as SDS, CA, and HCL were then added.  

 The preparation of NaCl was simple. Mix 2.922g of NaCl with 5mL of ionized water 

on the magnetic spinner and let everything stir for about 30min and then take it out and add 

to the solution in the sonicator for which it stayed mixing for about 45 minutes. 

  The following reagents were then prepared: CA - Citric acid; SDS - Sodium dodecyl 

sulfate; HCL - Hydrochloric acid. Originally, 0.015g of SDS was used and 0.25g CA was 

added. But eventually, the quantity of SDS added differed. 

 Before putting the solution in the oven, the mix was taken from the sonicator and put 

in a different magnetic mixer for another 40 minutes with 700 rpm and 21ª Celsius. 

 

 A.1.2.4. Morphology and properties of the recycled paper 

substrates 
 

 From the images of 3% cellulose and 1% cellulose, there is a significant change in 

texture. It is clear from Figure A.1.3, that recycled paper substrates with 3% are not as uni-

form.  This cellulose was aged in the sense that the cellulose was taken and then put in water 

for a day and then analyzed. 

 From Figure A.1.3, it also appears that the paper with no reagents appears to be the 

best. It is the clearest and is structurally sound. (More SEM pictures in Annex A.2.2). 

 In the end, it was decided to use 0.5% as it was a good percentage and it turns out 

that compared with the other recycled paper substrates that were added reagents this was 

more uniform and had a good structure. 0.5% cellulose with different weights of SDS were 

also be made and analyzed.  

 In Figure A.1.3 are recycled paper substrates with different weights of the reagent 

SDS. Figure A.1.4 is a SEM picture of 0.5% Cellulose that has no reagents (Surface and 

Cross-section).  
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Figure A.1.3— Picture of 3 recycled paper substrates: The first recycled paper substrate was 

1% Cellulose with 0.5g of CA and 0.15g SDS. The second recycled paper substrate is the one 

with no reagents and just water and cellulose. The third recycled paper substrate is the one 

with the same characteristics as the first recycled paper substrate but just aging 

  

 

Figure A.1.4 — Picture of 4 recycled paper substrate s (a) First recycled paper substrate: 0.5% 

Cellulose; 0.0075g SDS. Second recycled paper substrate: 0.15g SDS; 0.0015g SDS (b) First 

recycled paper substrate: 0.5% cellulose; 0.0075g SDS but with paper obtained from the col-

ored part from the newspaper  

 

 

Figure A.1.5 — Pictures of SEM of 0.5% Cellulose “Pure” (No reagents) - 

(a) Substrate surface (b) Cross-section 
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Table A.2 — Measurements and density and porosity of various recycled paper substrates 

with different cellulose and different methods used in the process 

 

Recycled 
paper sub-

strate  

Thickness 
(mm) 

Mass (g) 
Volume 
(cm^3) 

Density 
(g/cm^3) 

Porosity (%) 

Cellulose 1% 
w/Sonicator 

Thin film 
No blender 

0.18 0.15 0.07 2.01 93 

Cellulose 
0.5% 

w/Sonicator 
0.5g CA 

0.075g SDS 

0.08 0.08 0.03 2.54 98 

Cellulose 
0.5% 

w/Sonicator 
Thin Film 

No blender 

0.08 0.09 0.03 3.03 98 

Cellulose 
0.5% 

Sonicator 
w/0.5g CA 
0.015g SDS 

0.08 0.10 0.03 2.88 98 

Cellulose 
0.5% 

“Pure” (No 
reagents) 

w/Sonicator 

0.03 0.03 0.01 2.60 81 

Cellulose 
0.5% 

0.5g CA 
0.15g SDS 

Aged 

0.11 0.12 0.04 2.61 83 

Cellulose 
0.5% 

Sonicator 
0.5g CA 

0.15g SDS 

0.07 0.09 0.03 3.13 79 

Cellulose 1% 
0.5g CA 

0.15g SDS 
without Soni-

cator 

0.05 0.06 0.02 3.21 79 

 

 Note: Density of CA is:      
 

   
 .Density of SDS is:      

 

   
.  

 From Table A.2, some conclusion can be made.  

 The sonicator is very helpful in making sure that the cellulose and reagents are well 

mixed, but, the most important step is without a doubt the Blending process.   

 Recycled paper substrates without a blender were much worse than those that were 

blended. So blending is a must and the communication process helps but it is not necessarily 

fundamental as blending.  
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  From the pictures and the values of thickness and porosity, it was decided that the 

recycled paper substrate with no reagents was the one that was going to be used.  

 Also, the recycled paper substrate with no reagents was the thinnest one and with 

least weight which also means the least amount of density. 

 In Figure A.2 and Figure A.3 are the equipment and regents used for the process 

mentioned previously. This equipment was also used for the fabrication of water and etha-

nol recycled paper substrates. 

 

 

Figure A.2 — (a) Hydrochloric acid (b) NaCl being mixed with water (c) SDS and CA 

 

 

Figure A.3 - (a) Blender and filter used; (b) Sonicator (c) Magnetic agitator with solution be-

ing mixed at 21ªC with 700rpm 
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A.1.3. Dried Cellulose 
  

 In Figure A.4 are the cellulose before being put in the oven and afterwards.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4 — (a) End product after filtration and before putting it in the oven again (b) 

Dried cellulose 

A.1.4. Filtration paper 
 

 In Figure A.5 is shown the filtration paper before being used and after being used. 

 On the left, is the paper that is completely new and was used for the filtration pro-

cess. On the right, is paper that was already used and that afterwards went into the oven for 

24h to be able to reuse again. 

 

 
  

Figure A.5 — Filtration paper used 
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A.1.5. Molds 
 

 Using molds was inefficient but was interesting to experiment and see what would 

happen to the recycled paper substrates if left to dry for 24h.  

 In Figure A.6 are some of the molds used and the final results. As can be seen in the 

photos, the end product was not satisfactory and so it was best to scratch this idea and con-

tinue without molds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.6 — Molds that were left to dry for 24h with varying amounts of cellulose - (a) 3 

molds with same circumference but different weights (b) Another mold with 0.5% Cellulose-

(c) End result of the drying process through filtration after being taken from the mold and 

dried for 24h - 1% Cellulose with a mold of greater height (d) Other three molds after drying 

for 24h 
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A.1.6. pH levels and pH strips 
 

 For the reactions regarding SDS and the other regents, measurements of pH levels 

were made before and after introducing all the components of the reaction and after. This is 

to make sure that the reaction appears and also to check what the pH levels were.  

 Before the reaction, the strip was showing a greenish color which corresponds to a 

pH level of 7 and the second one appears as a pH level of 4. This means that the reaction 

occurred and everything was mixed well. 

 These strips were not used for the water and ethanol recycled paper substrates.  
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A.1.7. Functionalization with PPy 
 

 In the Figure A.7 and Figure A.8 are shown the recycled paper substrates being left 

to dry. These are the recycled paper substrates functionalized with PPy with the Dipping 

process.  

  

 

 
  

Figure A.7 — Multiple recycled paper substrates with varying degrees of Ethanol being left 

to dry after functionalization with PPy.  

 

 

  

 

Figure A.8 — (a) (b) Photos of recycled paper substrates with: 20% Ethanol; 50% Ethanol%; 

80% Ethanol that are being left to dry and their respective boxes contacting the paper used. 

 

 

 In Figure A.9 are shown pictures related to the actual functionalization process. 

There are pictures of the two solutions used for Drop-cast and Dipping process and the re-

cycled paper substrates functionalized for reference.  

 In Figure A.10 and Figure A.11 are drawings depicting the Drop-cast and Dipping 

process. 
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Figure A.9 — (a) Picture of both solutions in Ice. Solution B at the left showing a darker color 

while Solution A shows a clearer picture;  (b) End result of mixing both solutions (This is the 

solution that was used for Drop-cast and Dipping); (c) Recycled paper substrates that were 

functionalized. At the top are two recycled paper substrates that were functionalized with 

Drop-cast. And at the bottom, two recycled paper substrates dipped in the solution (Dipping 

process) 

 

 

 

 

 

 
 

Figure A.10 — Drawing summarizing the Drop-cast method. (a) Dropping the solution A on 

the paper. (b) Dropping solution B on the paper; (c) End result: Recycled paper substrates 

with solution B being on top and solution A 
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Figure A.11 — Drawing summarizing the Dipping process. (a) Mixing solution A and solu-

tion B to obtain the solution that was used for dipping the paper. (b) Using tweezers, the 

paper is picked up and dipped until it turns completely black (This process usually only 

takes a couple of seconds). (c) Removing the recycled paper substrate out (d) Dipped recy-

cled paper substrate 
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A.1.8. Screen printing 
 

 Below are pictures that were taken during the Screen printing process (Shown in 

Figure A.12). The whole process lasted about 2h. Coal and Silver paint were used. 

 Whatman paper was used and laid on the bottom of the mold. 12 recycled paper 

substrates were obtained (Shown in Figure A.13) which were then cut into small pieces for 

making the device. 

 

 
Figure A.12— Screen Printing process done in the FunPaper lab in Cemop - FCT/NOVA. 

Black paint corresponds to coal and silver paint corresponds to silver 

 

 
Figure A.13 — Picture of the final paper obtained through the Screen Printing process. The 

left ones are of Coal and the right one is of Silver  
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A.2.    Chemical and Morphology Analyses 

A.2.1. SEM and EDS Equipment  
 

 The SEM equipment used for the analysis was a SEM TM3030 model from the com-

pany Hitachi (Shown in Figure A.14).  

 Attached to it are an EDS equipment and a computer (connected to the whole SEM-

EDS equipment was for obtaining and saving the pictures).  

 

 

 

 
Figure A.14 — (a) Photo of Hitachi TM3030Plus used for SEM and EDS (Found at 

CENIMAT - FCT/NOVA) (b) Photo of Cenimat building where the SEM and FTIR equip-

ment can be found 
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A.2.2. SEM – Varying Cellulose weights and varying SDS con-

centration 
 

 From Figure A.15 to Figure A.22 are the SEM images obtained after obtaining cellu-

lose recycled paper substrates with varying levels of cellulose and SDS. This was all done 

before moving on to the cellulose and water recycled paper substrates. 

 

Figure A.15 — SEM Picture - 1% Cellulose in thin film mode - 

 (a) Substrate surface (b) Cross-section 

 

 

 

 

 

Figure A.16 — SEM picture – 3% Cellulose – (a) Substrate surface (b) Cross-section 
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Figure A.17 — SEM picture - 1% Cellulose – (a) Substrate surface (b) Cross-section 

 

Figure A.18 — SEM picture – 0.2% Cellulose – (a) Substrate surface (b) Cross-section 

 

 

Figure A.19 — Picture of SEM – 0.5% Cellulose that was aged – (a) Substrate surface (b) 

Cross-section 
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Figure A.20 — SEM picture – 0.5% Cellulose with 0.015g SDS – (a) Substrate surface (b) 

Cross-section 

 

Figure A.21 — SEM picture - 0.5% Cellulose with 0.15g SDS – (a) Substrate surface (b) Cross-

section 

 

Figure A.22 — SEM picture – 0.5% Cellulose with 0.075g SDS – (a) Substrate surface (b) 

Cross-section 
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A.2.3. SEM - Second images related to EDS analysis of water and 

cellulose recycled paper substrates 
 

 These are the images related to when doing SEM-EDS analysis of water and cellulose 

recycled paper substrates. In order obtain a full EDS analysis it is necessary to first produce 

a SEM image. 

 From Figure A.23 to Figure A.26 are SEM images of the cellulose recycled paper sub-

strates from 0% water and 100% Ethanol to 80% water and 20% Ethanol.  

 The picture of 0.5% Cellulose with 100% water and 0% Ethanol is found in the main 

thesis in Figure 3.3. 

 

 

Figure A.23 – SEM - 0.5% Cellulose with 0% water and 100% Ethanol -  

(a) Substrate surface (b) Cross-section 

 

 

 

Figure A.24 – SEM - 0.5% Cellulose with 20% water and 80% Ethanol - 

(a) Substrate surface (b) Cross-section 
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Figure A.25 – SEM - 0.5% Cellulose with 50% water and 50% Ethanol - 

(a) Substrate surface (b) Cross-section 

 

 

 

 

 

Figure A.26 – SEM - 0.5% Cellulose with 80% water and 20% Ethanol - 

(a) Substrate surface (b) Cross-section 
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A.2.4. SEM - Recycled paper substrates functionalized – Dipping 

and Drop-cast of water and ethanol recycled paper substrates 
 

  Figure A.27 to Figure A.32 are other images taken after the functionalization of the 

water and ethanol recycled paper substrates.   

 

 

Figure A.27 — SEM picture - 0% Ethanol functionalized with PPy - 

(a) Substrate surface (b) Cross-section 

 

 

 

 

Figure A.28 — SEM picture - 20% Ethanol functionalized with PPy - 

(a) Substrate surface (b) Cross-section 
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Figure A.29 — SEM picture - 50% Ethanol functionalized with PPy - 

(a) Substrate surface (b) Cross-section 

 

 

 

Figure A.30 — SEM picture - 80% Ethanol functionalized with PPy - 

(a) Substrate surface (b) Cross-section 

 

Figure A.31 — SEM picture - 100% Ethanol functionalized with PPy - 

(a) Substrate surface (b) Cross-section 
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Figure A.32 — Whatman functionalized with PPy - 

(a) Substrate surface (b) Cross-section 

 

 

 The table below (which corresponded to 50% Ethanol with the Dipping process) is an 

example of what was obtained with EDS analysis. The table was unaltered from the Word 

document that was obtained from the computer where EDS analysis was performed.  This is 

just an example as displaying all tables in this format would take dozens of pages. 

 

 

Element   AN  Series   Net unn. C norm. C Atom. C 

                        [wt.%]  [wt.%]  [at.%] 

------------------------------------------------- 

Oxygen 8  K-series 3853  58.97   56.02   53.55 

Carbon 6  K-series 1363  33.62   31.94   40.67 

Sulfur 16 K-series 4615  12.04   11.44 5.45 

Silicon   14 K-series   97   0.25 0.23    0.13 

Aluminium 13 K-series   68   0.19    0.18 0.10 

Magnesium 12 K-series   38   0.13    0.12 0.08 

Calcium   20 K-series   17   0.07    0.07    0.03 

------------------------------------------------- 

                   Total: 105.26  100.00  100.00 
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A.2.5. FTIR – More Absorbance graphs and of all and singular 

recycled paper substrates and values from Water and Ethanol 

recycled paper substrates not functionalized 
 

 All the analyses are of the Absorbance of the recycled paper substrates that were not 

yet functionalized (All presented in graph and of its singular graphs). The software used to 

obtain these graphics was EssentialFTIR. Figure A.33 and Figure A.34 are of all the recycled 

paper substrates together. 

 

  
 

Figure A.33 — FTIR analysis of all recycled paper substrates including paper from newspa-

per used (Not functionalized) - Overlay mode  

 
 

Figure A.34 — FTIR analysis of all recycled paper substrates including paper from newspa-

per used (Not functionalized) - Superimpose mode 
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C-O 
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 The following images (Figure A.35 to Figure A.54) were obtained from FTIR but sin-

gled out. Also, after the images is a table with peak values. The FTIR images displayed in 

the main section of FTIR were all these singulars added up. These figures are related to recy-

cled paper substrates before functionalization and white, black and colored newspaper. 

 

 

3332.4433 cm-1 1423.2310 cm-1 1027.8890 cm-1 536.1223 cm-1 

 

Figure A.35 — FTIR Image - 0% Ethanol – FTIR spectrum and table of Peak values – Not 

functionalized  

 

 

3334.3717 cm-1 1423.2310 cm-1 1027.8890 cm-1 538.0508 cm-1 

 

Figure A.36 – FTIR Image - 20% Ethanol – FTIR spectrum and table of Peak values – Not 

functionalized  
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3332.4433 cm-1 1423.2310 cm-1 1027.8890 cm-1 534.1938 cm-1 

 

Figure A.37 — FTIR Image - 50% Ethanol – FTIR spectrum and table of Peak values – Not 

functionalized  

 

 

 

 

 
 

3334.3717 cm-1 1423.2310 cm-1 1027.8890 cm-1 534.1938 cm-1 

 

Figure A.38 — FTIR Image - 80% Ethanol – FTIR spectrum and table of Peak values – Not 

functionalized 
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3332.4433 cm-1 1423.2310 cm-1 1027.8890 cm-1 536.1223 cm-1 

 

Figure A.39 — FTIR Image - 100% Ethanol – FTIR spectrum and table of Peak values – Not 

functionalized  

 

 

 

 

 

 

 
 

3334.3717 cm-1 1423.2310 cm-1 1027.8890 cm-1 538.0508 cm-1 

 

Figure A.40 — FTIR Image - White paper – FTIR spectrum and table of Peak values – Not 

functionalized  
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3332.4433 cm-1 1429.0165 cm-1 1027.8890 cm-1 536.1223 cm-1 

 

Figure A.41 — FTIR Image - Colored paper Ethanol – FTIR spectrum and table of Peak val-

ues – Not functionalized  

 

 

 

 

 

 
 

3332.4433 cm-1 1423.2310 cm-1 1024.0321 cm-1 536.1223 cm-1 

 

Figure A.42 — FTIR Image - Black paper obtained – FTIR spectrum and table of Peak values 

– Not functionalized  
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A.2.6. FTIR – Singular recycled paper substrates and values 

from Water and Ethanol recycled paper substrates (and What-

man Paper) functionalized with PPy - Dipping and Drop-cast 
 

 All the analysis below is of the Absorbance of the recycled paper substrates that were 

functionalized with PPy (All presented in graph and of its singular graphs). (Figure A.43 

and Figure A.44). 

 
 

Figure A.43 — FTIR analysis of Recycled paper substrates of Ethanol and Whatman paper 

that went through the Dipping process and Drop-cast method with PPy – Overlay mode 

 
 

Figure A. 45 — FTIR analysis of Recycled paper substrates of Ethanol and Whatman paper 

that went through the Dipping process and Drop-cast method with PPy – Superimpose 

mode 
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 The following images (Figure A.45 to Figure A.56) were also obtained from FTIR but 

singled out with peak values. These figures are related to recycled paper substrates after 

functionalization with PPy (Dipping and Drop-cast). 

 

 

3236.0184 
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cm-1 

1155.1699 

cm-1 

1099.2434 

cm-1 

1024.0321 

cm-1 

862.0383 

cm-1 

580.477 

cm-1 

568.9067 

cm-1 

 

Figure A.45 — FTIR Image - Whatman paper - Dipping method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 

 

 

3241.8039 

cm-1 

1425.1595 

cm-1 

1160.9554 

cm-1 

1105.0289 

cm-1 

1027.8890 

cm-1 

867.8238 

cm-1 

580.4777 
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cm-1 

 

Figure A.46 – FTIR Image - Whatman paper – Drop-cast method - FTIR spectrum and table 

of Peak values – Functionalized with PPy 
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1105.0289 

cm-1 
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cm-1 

559.2642 
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Figure A.47 — FTIR Image - 0% Ethanol - Dipping method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 

 

 

 

 

3234.0899 

cm-1 

1421.3025 

cm-1 

1159.0269 

cm-1 
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cm-1 

867.8238 

cm-1 

576.8238 

cm-1 
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cm-1 

559.2642 

cm-1 

 

Figure A.48 — FTIR Image - 0% Ethanol - Drop-cast method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 
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Figure A.49 — FTIR Image - 20% Ethanol - Dipping method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 
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Figure A.50 — FTIR Image - 20% Ethanol - Drop-cast method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 
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Figure A.51 — FTIR Image - 50% Ethanol - Dipping method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 
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Figure A.52 — FTIR Image - 50% Ethanol - Drop-cast method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 
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Figure A.53 — FTIR Image - 80% Ethanol - Dipping method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 
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Figure A.54 — FTIR Image - 80% Ethanol - Drop-cast method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 
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Figure A.55 — FTIR Image - 100% Ethanol - Dipping method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 
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Figure A.56 — FTIR Image - 100% Ethanol - Drop-cast method - FTIR spectrum and table of 

Peak values – Functionalized with PPy 
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 A.3.    Electrical Analysis 
 

 From the Figure A.57 to Figure A.60 are the graphics of 0% Ethanol that was dipped 

with PPy as an example of the types of graphs that were obtained in order to determine 

voltage and current. 

 This is just one recycled paper substrate served as an example. Showing all the 

graphs of all the recycled paper substrates would take dozens of pages and the procedure to 

obtain the data is similar to all recycled paper substrates. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.57 — Five graphics obtained from oscilloscope that show Voltage (V) and Time (s) 

– 0% Ethanol - Short Circuit Current 
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Figure A.58 — Five graphics obtained that show Current (I) and Time (s) – 0% Ethanol – 

Short Circuit Current 

 

 

 Figure A.57 and Figure A.58 are related to Short Circuit Current. Figure A.59 and 

Figure A.60 are Open Circuit Voltage graphs. In this instance there were only graphs ob-

tained but the majority of recycled paper substrates it was possible to obtain five. 

 Figure A.58 was obtained from Figure A.57 and Figure A.60 was obtained from Fig-

ure A.59. Both were made converting Voltage to Current using Ohm’s Law. 
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Figure A.59 — Five graphics obtained from oscilloscope that show Voltage (V) and Time (s) 

– 0% Ethanol - Open circuit Voltage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.60 — Five graphics obtained that show Current (I) and Time (s) –– 0% Ethanol - 

Open circuit Voltage 

 



 100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 101 

  



 102 

 

 

 

2022 

M
a
n
u
e
l 
L
u
ís

 C
o
n
ç
a

lv
e
s
 P

ir
e
s
 C

a
e
ta

n
o

 
P

o
ly

m
e
ri

c
 F

u
n

c
ti
o
n
a

liz
a
ti
o
n
 o

f 
R

e
c
y
c
lin

g
 N

e
w

s
p
a

p
e
r 


