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Introduction 
 
Clean air is an essential requirement of life, together with food and water. 

Although the latter two have been a primary concern for many civilizations for 
multiple centuries, especially in more industrialized countries, shaping new lifestyles 
and driving new economies, air is something imposed, with no possibility of choice. 
Since the industrial revolution, as people started to spend most of their time in confined 
environments, clean air should have been considered a prerogative, as indoor air had 
become a leading exposure for humans. Therefore, in places of life and work, it is 
necessary to monitor the urban environment. For this reason, as major environmental 
concerns, policy directives and guidelines have recently highlighted energy use, 
sustainable buildings, outdoor air quality, and indoor air quality (IAQ). 
It is generally recognized that Europeans spend 90% or more of their time indoors. 
Despite this, the quality of air is considered a secondary problem, often ignored; while 
it is possible to choose what to eat and what to drink, it is difficult to choose which air 
to breathe. However, indoor air pollution may cause serious health problems such as 
respiratory diseases, allergies, and lung cancer. 

The most common indoor pollutants can be classified by their form: particulate 
or gaseous. Conventional strategies to combat the formers are source removal, dilution 
through ventilation and air treatment. While indoor emissions are ubiquitous and it is 
not always possible to remove the source, dilution through mechanical and natural 
ventilation and air cleaners are the generally preferred. As sustainability and energy-
efficiency are becoming prerogatives in many countries, ventilation may imply energy 
losses, and therefore it can not be the only applicable strategy. For these reasons, air 
cleaners constitute a solution for removing harmful indoor pollutants.  
 Common indoor air treatment technologies are classified according to the type 
of pollutant removed: filters, electrostatic precipitators, inertial collectors, scrubbers 
are generally used for the removal of particles, while adsorptive media, 
(photo)catalysts, and plasma-operated reactors are adopted for the removal of gases.  
In this thesis, a combination in situ of the three previously reported methods 
(adsorption, photocatalysis and electrostatic precipitation) was deeply studied for the 
enhanced removal of indoor pollutants. The synergistic effect between each coupled 
process was investigated, in order to highlight the novelty of operating photocatalysis, 
adsorption and electrostatic precipitation in the single hybrid reactor.  
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Structure of the Thesis 
 
The present thesis is divided into 3 chapters: 
Chapter 1: Motivation; the Indoor Air Quality topic has been introduced both with a 
more general bibliometric analysis, both with a particular focus on the treatment 
technologies adopted to control the former.  
Chapter 2: Experimental; the different combinations of the three technologies 
considered were deeply studied, and the main parameters affecting the process were 
optimized. At the end of each subchapter, a comprehensive discussion of the results 
was reported. 
Chapter 3: Conclusion; the main findings, in relation to each paired process or to the 
combined process, were reported, and its implementation was discussed. A critical 
review of the process, including strength and limitations of the process has been 
redacted, as well as a brief discussion about economic costs. 
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1.2 Indoor Air Treatment: a comparison between scientific and patent literature 

  



2 1.1 Indoor Air Quality: a bibliometric study 

In paragraph 1.1, the Indoor Air Quality (IAQ) topic, in the last 
38 years, is presented through a scientometric approach; 

• More than 7000 publications have been clustered into few 
significant research field. Among these, indoor air treatment 
technologies and processes account for the 3% in the IAQ-related 
scientific literature; 

• Scientometric tools can be useful to analyze, categorize, and 
identify milestone and turning points if the scientific literature. 
However, these tools cannot be considered exhaustive and 
scientific advances will probably be driven by new 
multidisciplinary contaminations into the discipline.  

 
1.1 Indoor Air Quality: a bibliometric study 

1.1.1 Introduction 
Bibliometrics is the application of quantitative analysis and statistics to 

publications using different parameters, such as author co-citation, document co-
citation, co-word analysis, and journal mapping, in order to understand emerging 
trends and the knowledge structure of a research field. Jointly with science mapping 
tools, it is possible to start from a large dataset of scientific publications in order to 
generate straightforward visual representations of complex structures for statistical 
analysis and interactive data exploration. 

Using bibliometric tools to analyze the scientific literature collected by Web of 
Science, this article provides, firstly, an overview of the IAQ topic from 1990 to 2018, 
by reporting the most important publications and by collocating the existing literature 
in a finite number of clusters and, secondly, the latest developments and future trends. 
Although this work is not structured as an exhaustive review of the related literature, 
it does illustrate the opportunity of bibliometric techniques for exploring research gaps 
and new frontiers. 

1.1.2 Materials and Methods 

1.1.2.1 Data collection 
All data were obtained from the Web of Science Core Collection (WoSCC) by 

Thomson Reuters prior to 1 May 2018. In this study, the keywords used for the data 
retrieval strategy were as follows: TS: (“Indoor air quality” OR “IAQ”). English-only 
document types were articles, letters, and reviews, ranging from 1990 to 2018, from 
the following indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, and 
ESCI. The final dataset contained 7389 bibliographic records of Article or Letters or 
Review in English. 
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1.1.2.2. Data analysis 
We utilized several scientific and visual analytic methods. The statistical results 

are displayed in CiteSpace V [1], visualization software used for analyzing data by 
network modeling. 

For the first analysis, the overall time span adopted was 1990 through 2018, with 
a 1-year time slice. The Term Source included Title, Abstract, Author Keywords, and 
Keyword Plus; Node Type was selected according to the type of analysis conducted; 
and Selection Criteria included the top 50. No pruning was selected. For the second 
part, in order to focus on the actual and future trends, a restricted dataset, in which 
only papers selected with the same criteria from 2010 to 2018, was used. A different 
thresholding method was adopted: Instead of selecting the top 50 articles of each time 
slice, CiteSpace thresholding parameters (citation, co-citation, and the cosine 
coefficient thresholds, shortened as: c, cc, and ccv) were set at 8;8;40, 6;6;30, and 
2,2,10, respectively. This choice was justified by the three thresholding being 
respectively referred to: Begin, middle, and end of the selected period of time and, by 
applying more selective parameters for the first years, only the most relevant 
publications are reported. In the last period, a wider number of publications are 
reported. 

1.1.3 Results 

1.1.3.1. Data description 
The distribution of yearly outputs is shown in Figure 1. The publishing trend 

increased from 13 publications in 1990 to 786 publications in 2017, highlighting the 
increased global focus on the topic. In particular, since 1990, it is possible to 
distinguish between two different phases. During the first phase from 1990 to 2009, a 
slow increase in publications occurred. The second phase occurred from 2010 to 2017, 
with a higher growth rate, indicating the growing interest in the topic. This distinct 
separation coincides with the publication of the World Health Organization (WHO) 
guidelines for indoor air quality [2]. 

 

Figure 1 - Temporal distribution of the bibliographic set. 

Almost 30% of the publications in the dataset were published by five scholarly 
journals (2102, 28.45%), each one accounting for about 350 publications. This trend 
is reported in Figure 2. 

0

150

300

450

600

750

900

1990 1995 2000 2005 2010 2015

Pu
bl

ic
at

io
ns

Year



4 1.1 Indoor Air Quality: a bibliometric study 

 

Figure 2 - Top 10 journals with the highest number of publications. The line represents the 
cumulative incidence of the entire dataset. 

The top 15 contributing institutes are listed in Table 1. The University of 
California (3.71%) ranked first, followed by two Chinese universities: Tsinghua 
University (2.64%) and Hong Kong Polytechnic University (2.56%). Among the top 
25 institutions, 11 are American, followed by 7 European, and 3 Chinese. However, 
more than one-quarter of the total records are American, followed by People’s 
Republic of China (PRC) (14.12%). 

 
Table 1 - Top 15 contributing institutions. 

Organizations Records % of 7389 Country 
University of California System 274 3.71% USA 

Tsinghua University 195 2.64% China 
Hong Kong Polytechnic University 189 2.56% China 
University of California Berkeley 186 2.52% USA 

United States Department of Energy DOE 158 2.14% USA 
Technical University of Denmark 141 1.91% Denmark 

United States Environmental Protection Agency 127 1.72% USA 
Lawrence Berkeley National Laboratory 126 1.71% USA 

Harvard University 123 1.67% USA 
Centre National de la Recherche Scientifique CNRS 91 1.23% France 

Chinese Academy of Sciences 85 1.15% China 
University of London 82 1.11% UK 

Finland National Institute for Health Welfare 80 1.08% Finland 
Uppsala University 77 1.04% Sweden 

Centers for Disease Control Prevention USA 71 0.96% USA 

The top 10 contributing countries, in terms of publications, are reported in Table 
2. In first place, the USA accounts for 27.5% of the total literature, with 2032 records, 
followed by China with 1043 records (14.12%). England, Canada, and South Korea 
ranked third, fourth, and fifth place, respectively, with a cumulative number of 
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publication equal to the total number of publications in 1990, followed by four 
European countries and Australia. 
 

Table 2 - Top 10 contributing countries. 

Country Records % of 7389 
USA 2032 27.50% 
China 1043 14.12% 

England 444 6.01% 
Canada 375 5.08% 

South Korea 371 5.02% 
Italy 369 4.99% 

France 355 4.80% 
Germany 288 3.90% 
Denmark 282 3.82% 
Australia 241 3.26% 

The top 10 categories are reported in Table 3. However, only the first four 
constitutes the major fields. The top four categories, in order of importance, are: 
“Engineering”, “environmental sciences ecology”, “construction building 
technology”, and “public environmental occupational health”. 
 

Table 3 - Top 10 categories. 

Field Record Count % of 7389 
Engineering 2839  38.42% 

Environmental Sciences Ecology 2426  32.83% 
Construction Building Technology 2285  30.92% 

Public Environmental Occupational Health 1748  23.66% 
Energy Fuels 719  9.73% 

Meteorology Atmospheric Sciences 627  8.49% 
Chemistry 458  6.20% 

Thermodynamics 374  5.06% 
Science Technology Other Topics 280  3.79% 

Toxicology 275  3.72% 
Materials Science 184  2.49% 

Agriculture 142  1.92% 
Allergy 104  1.41% 

Instruments Instrumentation 104  1.41% 
Mechanics 102  1.38% 

1.1.3.2 Categories and Journal co-occurring networks 
The network of co-occurring subject categories (Web of Science categories), 

reported in Figure 3, highlights the relationship between the main subjects and 
disciplines in the field. The thickness of each link represents the density of the co-
occurring category and the color map refers to the average year of the node. The color 
of a category ring denotes the time of corresponding utilization. The thickness of a 
ring is proportional to how many times the category has been used in a specified time 
slice. Lighter colors (yellow) correspond to newer nodes, while darker colors (blue) 
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are related to older nodes. This method enabled us to highlight the multidisciplinary 
and temporal evolution of the subject. We found that environmental sciences and 
engineering, construction and building technology, and public, environmental, and 
occupation health were the main subjects in the IAQ field. Minor categories, 
constituted mainly by unlabeled nodes because of their lower amount, have been 
grouped into larger areas. “Material science” is a linking node between chemistry, 
physics, and environmental studies and “public, environmental, and occupational 
health” belongs to the highest burst, as it connects the most populous nodes 
(construction and building engineering with environmental sciences). 

 
Figure 3 - Network of co-occurring subject categories. 

In order to outline the set of journals that are connected to the IAQ topic, the co-
citation network at the journal level is shown in Figure 4. Like the previous figure, 
color and thickness reflect the temporal distribution of the cited journals. It was 
possible to categorize the journals into four macro areas: Medicine-related (center), 
energy-related (left), building-related (bottom), and environment-related (top). The 
biggest circles correspond to the most cited journals. The most-cited journals were the 
ones reported in Figure 2 but, while “Building and Environment”, “Atmospheric 
Environment”, “Indoor and Built Environment” are, the top three journals in terms of 
number of publications, the most-cited were “Indoor Air”, “Energy and Buildings”, 
and “Environmental Health Perspective”. Unlabeled nodes are minor journals given 
their number of citations. 
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Figure 4 - Network of co-occurring Journals. 

1.1.3.3. Term burst 
Citation burst is an indicator of the most active part of the research. CiteSpace’s 

citation burst is based on Kleinberg’s algorithm [3], and it provides evidence that a 
particular publication (or keyword) has attracted an extraordinary degree of attention 
from its scientific community. The keywords in the literature can reveal the main 
research content, and literature citation frequency can reflect research heat. The terms 
(title, abstract, and keywords) having the strongest citation bursts in the dataset are 
reported in Table 4. The time intervals are represented by the blue line, while the 
periods of the burst are highlighted in red, indicating the beginning and end of each 
burst interval. The full list is reported in the supplementary material. 

Table 4 - Terms having high citation burst strengths. 

Terms Strength Begin End 1990–2018 
Indoor Air-Quality 47.64 1990 1995 ▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Sick Building Syndrome 27.26 1991 2006 ▂▃▃▃▃▃▃▃▃▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂ 

Office Workers 10.43 1991 2004 ▂▃▃▃▃▃▃▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Environmental Tobacco 
Smoke 33.26 1991 2004 ▂▃▃▃▃▃▃▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Outdoor Level 9.54 1991 2008 ▂▃▃▃▃▃▃▃▃▃▃▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂ 

Nitrogen Dioxide 11.89 1996 2002 ▂▂▂▂▂▂▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Personal Exposures 10.57 1998 2005 ▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂▂ 

Fungal Spores 8.63 1998 2006 ▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂▂ 
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Respiratory Symptoms 8.79 1999 2008 ▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂ 

Displacement Ventilation 9.68 2002 2007 ▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▂▂▂▂▂▂▂▂▂▂▂ 

Airborne Bacteria 10.56 2002 2011 ▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂ 

Air-Conditioning System 10.19 2004 2011 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▃▃▂▂▂▂▂▂▂ 

Health Effects 9.02 2005 2010 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▂▂▂▂▂▂▂▂ 

Computational Fluid 
Dynamics 9.48 2007 2012 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▂▂▂▂▂▂ 

Air-Conditioned Offices 13.81 2007 2009 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▂▂▂▂▂▂▂▂▂ 

Fresh Air 12.19 2008 2012 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▂▂▂▂▂▂ 

Ultrafine Particles 11.36 2010 2015 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃▂▂▂ 

Practical Implications 12.12 2010 2012 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▂▂▂▂▂▂ 

Indoor Environmental Quality 16.88 2013 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃▃ 

CO2 Concentration 22.72 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Indoor PM2.5 19.85 2014 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃▃ 

Air Conditioning System 8.00 2014 2016 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▂▂ 

Indoor Temperature 8.81 2014 2015 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▂▂▂ 

Energy Efficiency 8.86 2015 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃▃ 

Public Health 9.11 2015 2016 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▂▂ 

Air Temperature 9.50 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Residential Buildings 15.25 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Indoor Air Temperature 14.62 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Energy Saving 12.56 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Thermal Comfort 11.83 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

Outdoor PM2.5 15.36 2016 2018 ▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▂▃▃▃ 

From Table 4, the initial “IAQ” burst was coincident with the “sick building 
syndrome”, “office workers”, “environmental tobacco smoke”, and “outdoor level” 
term bursts. The term “sick building syndrome” (SBS) is used to describe when 
building occupants experience acute health and comfort effects that can be linked to 
the time spent in a building. The first studies were conducted in offices [4,5] in which 
tobacco smoke was the major pollutant [6,7], as the smoking ban in working and public 
places had not yet been implemented, together with the presence of contaminants from 
the outdoor air. By that time, several specific pollutants, like nitrogen dioxide (NO2), 
fungal spores, and airborne bacteria, were present as strong citation bursts for the 
1996–2011. Notably, volatile organic compounds (VOCs) appeared with burst 
strength lower than the threshold (arbitrarily set to 7.0, which is equal to the median 
value of the citation burst distribution) in different time intervals; for this reason, they 
are not reported in Table 4. 

All the citation burst still active started after 2013. The introduction of other 
physical and psychological aspects of indoor life led to the definition of Indoor 
Environmental Quality (IEQ), within which IAQ occurs. In this last time interval, 
pollutants with a strong, still active burst are related to fine particulate matter (PM2.5), 
carbon dioxide (CO2), and “energy saving” fields. Also, the “residential buildings” 
term appears, which may indicate the shift of academic attention from the work place 
to private homes, together with increased attention focused on building energy saving 
and thermal comfort of occupants 
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1.1.3.4. Document co-citation network 
A document co-citation network represents a network of references that have been 

co-cited by a set of publications. Time was divided into a number of one-year slices, 
and an individual co-citation network was derived from each time slice. In order to 
reduce the dimension of every single slice, the top 50 most-cited publications in each 
year were used to build a network of cited references in that particular year. 
Subsequently, individual networks were merged. The merged network reported in 
Figure 5 depicts a spatial visualization of the network, which represents the 
development of the IAQ topic over time, showing the most important footprints of the 
related research activities. Each colored node represents a cited reference. 

 
Figure 5 - Landscape views of the resulted network. The arrow indicates the pivotal points; 

the most cited articles are written in bold and the citation bursts in italic. 

The network in Figure 5 is divided into 19 co-citation clusters. These clusters are 
labeled by index terms from their own citers. The numbers in front of the cluster’s 
name are identifiers rank the size of the clusters. The “silhouette” value is a descriptor 
of the homogeneity of a cluster, and it ranges between −1 and 1; higher values indicate 
meaningful clusters [8], while the “modularity” measures the extent to which a 
network can be divided into independent blocks, which ranges from zero to one [9]. 
The network has a modularity of 0.7437, which is considered to be high, suggesting 
that the specialties in IAQ are clearly defined in terms of co-citation clusters. The 
average silhouette score of 0.2579 is low mainly because of the presence of numerous 
small clusters. Different colors indicate the time when co-citation links in those areas 
appeared for the first time. Purple areas were generated earlier than yellow areas. 
Important publications have been reported in the network visualization. 

The importance of clustering publications lies in identifying the most important 
thematic macro areas and to see how they are related to each other. Cluster descriptors 
in Figure 5 are reported in Table 5. The “size” column refers to the number of 
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publications within the cluster. The “name” tag was generated by the Log-likelihood 
algorithm from the articles’ indexing terms [10]. The Log-likelihood algorithm was 
chosen as it better reflected the cluster topic. The “description” column was manually 
filled after analyzing the top articles of each cluster having high coverage value. The 
“range” is the period in which the cluster evolves, or the period covered, by the various 
publications within the cluster. A straightforward visual representation of this 
parameter is reported in Figure 6. 
 

Table 5 - Clusters description. 

# Size Silhouette Name Description 
Range 
(Years) 

0 145 0.866 Nasal Lavage Correlation between physical/chemical 
parameters and occupants symptoms. 

1980–1999 

1 125 0.725 Building Product Gaseous pollutants: Source, modeling, 
concentrations. Indoor sources. 1973–2010 

2 109 0.766 Personal Exposure Personal exposure to particulate matter. 1981–2006 

3 105 0.753 Indoor Air Quality (IAQ) Air quality in school and residential 
homes. 1992–2017 

4 63 0.908 Macrocyclic Trichothecene 
Mycotoxins Asthma, bacterial and fungal aerosols. 1958–2011 

5 43 0.884 Thermal comfort Thermal comfort, relative humidity, 
HVAC. 

1970–2016 

6 41 0.916 Particle exposure Risk assessment. Environmental 
tobacco smoke. 1982–2013 

7 41 0.94 CFD study Ventilation. CFD modeling. 1980–2009 

8 35 0.962 Human Health Epidemiology of SBS and related 
symptoms 1975–1995 

9 27 0.912 Public Lounge Environmental tobacco smoke. 1969–1996 

10 17 0.971 Low-Carbon Housing Air purification techniques. Numerical 
modeling. 1974–2011 

11 16 0.974 Integrated IAQ Model VOC emissions. 1960–2001 
12 14 0.999 Asian countries * 1998–2010 
13 11 0.997 Los Angeles Basin * 1975–1990 
15 10 0.989 Health benefit * 1974–1989 

* The cluster shows a high silhouette, but it’s difficult to identify a common topic. VOC, volatile 
organic; HVAC, Heating, Ventilation and Air Conditioning; CVD, Computational Fluid Dynamics. 

 

Cluster #0 is the largest cluster, containing 145 publications and having a 
silhouette value of 0.866. It is labeled as “nasal lavage”. The first five publications, 
with the highest coverage in this cluster, are by Wieslander [11,12], followed by 
Brooks [13], and Nordstorm [14]. They all investigated the health effects (nasal and 
ocular) of sick building syndrome in hospitals and public facilities. This cluster 
collects the first comprehensive studies between built environments through 
monitoring of chemical and physical parameters (pollutants concentrations, 
temperature, and humidity) and symptoms of indoor occupants. Publications ranged 
between 1980 and 1999. 

The second largest cluster (#1) has 125 members and a silhouette value of 0.725. 
While it is the lowest among all clusters, it had a relatively high level of homogeneity. 
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The cluster is labeled “building product”. This second cluster is related to the factors 
are connected to the presence of gaseous pollutants. The top five, in order of citations, 
are: Ozone [15], VOC emission from building products [16], NOx and O3 
concentration [17], terpene/ozone mixtures [18], and carbonyl compounds [19]. It 
ranges from 1973 to 2010. 

The third largest cluster (#2) has 109 members and a silhouette value of 0.766. It 
is labeled “personal exposure”. It is representative of the personal exposure to fine 
particulate matter (PM2.5 and PM10). Articles with the highest coverage are by 
Bahadori [20], Janssen [21], and Micallef [22]. This cluster, as with the previous one, 
started after the previous one, but it terminated more recently. It covered 1981–2015. 

The fourth largest cluster (#3) has 105 members and a silhouette value of 0.753. 
It is labeled “indoor air quality”. This cluster collects studies of indoor pollution in 
schools. While all the population is vulnerable to air pollution, the children are the 
most at risk. This constitutes a trend of actual interest, starting in 1992 up to current. 
The measurement of pollutant concentrations [23–25] and the risk assessments [26–
28] are the main topics in this cluster. 

The fifth largest cluster (#4) has 63 members and a silhouette value of 0.908. It is 
labeled “macrocyclic trichothecene mycotoxin”. The trichothecene mycotoxins are a 
group of toxins produced by some fungi. Some of these substances may be present as 
contaminants in mold and transported through aerosols. This cluster is representative 
of bacterial and fungal aerosols, as well the role of environmental factors in asthma. 
This cluster extends from 1958 to 2011. 

The sixth largest cluster (#5) has 43 members and a silhouette value of 0.884. It is 
labeled “thermal comfort” and includes research papers on thermal personal comfort, 
Heating, Ventilation and Air Conditioning (HVAC), and the effect of relative 
humidity. This cluster extended from 1970 to 2016. 

The seventh largest cluster (#6) has 41 members and a silhouette value of 0.916. 
It is labeled as “particle exposure” and collects publications about the environmental 
tobacco smoke. This cluster started in 1982 and ended in 2013, probably due to the 
implementation of non-smoking laws, which reduced the exposure to these pollutants. 

Figure 6 shows the timeline visualization in CiteSpace, in which clusters are 
distributed along the horizontal timeline, reported in the top view. In black are the top 
two items ranked by centrality, while the colors represent the top three most cited 
articles. The full list of articles, ordered by coverage for each cluster, is reported in the 
supplementary file. 
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Figure 6 - Timeline view of the clusters. 

Most-cited articles 
The top-ranked item by citation counts is a comprehensive review of the 

relationship between indoor air pollution and health by Jones [29] in Cluster #6, with 
262 citation counts. The second most-cited article is by Klepeis [30] in Cluster #2, 
with the publication of the National Human Activity Pattern Survey (NHAPS): A two-
year probability-based telephone survey, sponsored by the U.S. Environmental 
Protection Agency (EPA), to assess the population exposure to environmental 
pollutants, with 261 citation counts. The third most-cited article is by Daisey [31] in 
Cluster #3, with 233 citation counts. In this review, data about ventilation rates, 
pollutants concentrations, and symptoms related to indoor air contaminants in schools 
were collected. The results highlighted the limited knowledge on the topic and it was 
a starting point for all current research on IAQ in schools, as shown in Figure 6, Cluster 
#3. The fourth is the “Indoor Air Quality Guidelines” by the World Health 
Organization (WHO) in 2010 [2] (Cluster #3) with 151 citation counts. The guidelines 
identified in benzene, carbon monoxide, formaldehyde, naphthalene, nitrogen dioxide, 
polycyclic aromatic hydrocarbons, radon, trichloroethylene, and tetrachloroethylene 
the selected indoor pollutants. The choice was made for three reasons: (1) These 
compounds have indoor sources, (2) they are known because of their hazardousness to 
health, and (3) they are often found indoors in concentrations of health concern. 
Particulate matter (PM) was exempt from the list, as it appears into the WHO 
guidelines on particulate matter were updated in 2005 [32], which also apply to indoor 
spaces. Mendell [33] in Cluster #3, who reviewed the literature on school 
environments and performance, had the same number of citations. 
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Citation bursts 
As previously reported, citations bursts are a strong indicator of scholarly impact 

in terms of the attention of the research community. Table 6 reports the first five 
citation bursts. The top-ranked item by citation bursts is the WHO guideline for indoor 
air quality [2], in Cluster #3. The second is a multidisciplinary review of the scientific 
literature on ventilation rates and occupant health by Sundell [34] and the third is by 
Klepeis [30]. Following these are two reviews about the relationship between indoor 
and outdoor particles by Chen et al. [35] and about formaldehyde by Salthammer [36]. 
These first five publications bursts belong to Clusters #2 and #3. Clusters with 
numerous nodes with strong citation bursts can be considered an emerging trend, so 
for this reason, Cluster #3 is of a particular interest. 

Table 6 - Top 5 citation bursts. 

Bursts References  Cluster 
44.37 World Health Organization (WHO) Guidelines For Indoor Air Quality  [2] 3 

37.81 Ventilation rates and health: Multidisciplinary review of the scientific 
literature [34] 3 

33.83 The National Human Activity Pattern Survey (NHAPS): A resource 
for assessing exposure to environmental pollutants [30] 2 

28.03 Health Effects of Fine Particulate Air Pollution: Lines that Connect [37] 3 
27.76 Formaldehyde in the Indoor Environment [36] 3 

Pivotal points 
Nodes that have high betweenness centrality scores, as defined by Freeman [38], 

are an indicator of how strongly a reference connects references associated with two 
or more clusters. Centrality is normalized to the unit interval of [0, 1]. The sigma score 
(Σ) of a node is a composite metric of the betweenness centrality and the citation 
burstness of the node, computed as (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 1)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 [9]. 

The 1994 Brown paper (centrality = 0.14, Σ = 3.22) [39] is a typical pivot node; it 
is a strong contact point mainly between the two biggest clusters, and to a lesser extent 
between Cluster #8 and Cluster #10, as shown in Figure 5. This review systematically 
compared the concentration of VOCs in the indoor air of buildings of different 
classifications and categories, drawing mainly from the articles in Cluster #0 (1980–
1999). Results suggested that indoor concentrations were significantly elevated above 
those outdoors, indicating that they were emitted from indoor sources. The aspect of 
source emission and modeling was afterward deepened by the publications gathered 
in Cluster #1 (as reported in Table 5). 

Contemporary to the work of Brown about the analysis of the relationships 
between VOCs is the work of Wallace (centrality = 0.13, Σ = 9.05) [40], in which 
particle concentrations and sources in homes and buildings were summarized in detail. 
The conclusions suggested tobacco smoking as the leading source of indoor PM and 
secondary, cooking. Many links to Cluster #9 (topic—environmental tobacco smoke) 
highlight this aspect. Different from the previous study, PM infiltrations from the 
outdoors were found to contribute significantly to indoor PM. These first two papers 
have the highest centrality for Clusters #1 and #2, respectively. 

The work of Bornehag (centrality = 0.06, Σ = 2.47) [41] is part of Cluster #5 
(topic—“thermal comfort, relative humidity, HVAC”). In this study, the relationship 
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between “dampness” in building and health was considered, concluding that there is 
evidence for a strong association between them. Dampness is usually related to the 
presence of microbial agents (supporting the closeness to Cluster #4) as airborne molds 
and bacteria. However, due to the limited knowledge about the mechanisms behind the 
association between ‘dampness’ and health effects, it is difficult to intervene to limit 
this problem, unlike other known major pollutants. 

1.1.3.5. Actual and future trends 
In the second part of the analysis, a restricted dataset (from 2010 to 2018) was 

used. The results of the selection are reported in Table 7. For each year slice, in the 
“Criteria” column, the interpolated citation, co-citation, and the cosine coefficient 
thresholds are reported [42]. The “Space” column reports the number of articles having 
at least one citation within the related year-slice. 

 
Table 7 - Description of the new restricted dataset, resulting from the thresholding. 

1-Year Slices  Criteria Space Nodes Links/All 
2010–2010 8 | 8 | 0.4 6116 4 0/2 
2011–2011 7 | 7 | 0.38 7577 22 8/86 
2012–2012 7 | 7 | 0.36 7352 24 8/80 
2013–2013 6 | 6 | 0.34 9311 46 26/187 
2014–2014 6 | 6 | 0.32 9511 87 103/841 
2015–2015 6 | 6 | 0.3 13675 109 218/1497 
2016–2016 4 | 4 | 0.23 14241 404 808/7267 
2017–2017 3 | 3 | 0.17 16496 1001 2002/19654 
2018–2018 2 | 2 | 0.1 7117 618 1236/7066 

In this last period, the most active institutions are reported using a geographical 
distribution map, which was created using “Generate Google Earth Maps” in 
CiteSpace (Figure 7). The colors on the maps show the institution that published papers 
about IAQ during the last eight years. The most active areas are colored in red. 
Notably, this map only highlights the quantity and not the quality of the publications. 

 
Figure 7 - Geographical distribution of published paper in the 2010–2018 dataset. 
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Figure 7 shows that countries and territories in Europe, Northeast U.S., and East 
Asia participated actively in IAQ research in the recent years. The results of the actual 
geographical map were consistent with the total contribution by country, reported in 
Table 2, which referred to the complete dataset. 

Articles with high citation bursts in the development of IAQ, between 2010 and 
2018 are reported in the following list, ordered in ascending initial burst date. 
References with strong values in the “Strength” column can be considered relevant in 
the last eight years for the IAQ field. The “Topic” column summarizes the content of 
the publication. The “Begin” and “End” columns report, respectively, the beginning 
and end of the citation burst. 

The first milestone, in the last eight years of study, is the IAQ guidelines published 
by the WHO. Notably, 10 of the 25 publications reported in Table 8 are related to the 
school environment, and this constitutes a major topic. Another topic common 
between articles having a strong citation burst is the relationship between indoor and 
outdoor pollutants, followed by studies on ventilation. 
 

Table 8 - A list of 25 articles having a strong (“strength”>5) citation burst 

References  Topic Strength Range 2010–2018 
Yu, C.W.F., 

2010 [43] VOCs and formaldehyde 
emissions 15.73 2011–2014 ▂▃▃▃▃▂▂▂▂ 

WHO, 2010 [2] IAQ: WHO guidelines 23.65 2012–2015 ▂▂▃▃▃▃▂▂▂ 
Yu, C.W.F., 

2011 [44] IEQ assessment: Standards and 
certifications 13.93 2012–2013 ▂▂▃▃▂▂▂▂▂ 

Chen, C., 2011 [35] Indoor/outdoor particles relation 11.44 2013–2015 ▂▂▂▃▃▃▂▂▂ 
Dimitroulopoul

ou, C., 2012 
[45] Ventilation in European 

dwellings 
8.58 2013–2015 ▂▂▂▃▃▃▂▂▂ 

Zhang, Y.P., 
2011 [46] A review on fan-driven air 

cleaning technologies 7.18 2013–2015 ▂▂▂▃▃▃▂▂▂ 
Salthammer, T., 

2010 [36] Indoor Formaldehyde 8.76 2013–2015 ▂▂▂▃▃▃▂▂▂ 

Sundell, J., 2011 [34] Ventilation rates and health 16.36 2013–2015 ▂▂▂▃▃▃▂▂▂ 
Almeida, S.M., 

2011 [47] Children exposure to PM in 
primary schools 19.63 2013–2015 ▂▂▂▃▃▃▂▂▂ 

Lim, S.S., 2012 [48] Risk assessment of disease 
burden caused by different risks 11.43 2014–2015 ▂▂▂▂▃▃▂▂▂ 

Hospodsky, D., 
2012 

[49] Human occupancy as a source 
of indoor airborne bacteria 

5.41 2014–2015 ▂▂▂▂▃▃▂▂▂ 

Satish, U., 2012 [50] Effects of CO2 on human 
decision-making performance 5.93 2014–2015 ▂▂▂▂▃▃▂▂▂ 

Geiss, O., 2011 [51] VOC in public buildings, 
schools, kindergartens 5.15 2014–2015 ▂▂▂▂▃▃▂▂▂ 

Pegas, P.N., 
2011 

[52] Outdoor/indoor air quality in 
primary schools 

8.67 2014–2015 ▂▂▂▂▃▃▂▂▂ 

Guo, H., 2010 [53] PM2.5 in school 9.39 2014–2015 ▂▂▂▂▃▃▂▂▂ 
Logue, J.M., 

2011 [54] 
Hazard assessment of chemical 

air contaminants in houses 5.14 2014–2015 ▂▂▂▂▃▃▂▂▂ 
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Pegas, P.N., 
2010 [55] Outdoor/indoor air quality in 

primary schools 10.06 2014–2015 ▂▂▂▂▃▃▂▂▂ 

Qian, J., 2012 [56] 
Emission rates of airborne 

bacteria and fungi in classroom 6.31 2014–2015 ▂▂▂▂▃▃▂▂▂ 
Wichmann, J., 

2010 [57] PM2.5, soot and NO2: 
Indoor/outdoor relationships 6.54 2014–2015 ▂▂▂▂▃▃▂▂▂ 

Branis, M., 
2011 [23] PM in school gyms 6.69 2014–2015 ▂▂▂▂▃▃▂▂▂ 

Pegas, P.N., 
2011 [58] Indoor air quality in schools 9.93 2014–2015 ▂▂▂▂▃▃▂▂▂ 

Pegas, P.N., 
2012 [59] Pollutants inside school 6.43 2014–2015 ▂▂▂▂▃▃▂▂▂ 

Annesi-
Maesano, I., 

2013 
[60] IAQ in school 5.20 2014–2016 ▂▂▂▂▃▃▃▂▂ 

Fabi, V., 2012 [61] Occupants' window opening 
behavior 5.38 2015–2016 ▂▂▂▂▂▃▃▂▂ 

Mendell, M.J., 
2013 [62] 

Classroom ventilation and 
reduced illness absence 6.77 2015–2016 ▂▂▂▂▂▃▃▂▂ 

1.1.4 Discussion 
The categories and journals co-occurrence analysis showed the multidisciplinary 

nature of the IAQ topic and the most relevant categories. Although only a few journals 
are now the most active, the network of co-occurring journals reported an articulated 
structure, groupable into four macro thematic areas: Medicine, energy, buildings, and 
environments. Temporal patterns showed IAQ is a theme that has changed over time, 
often due to new external stimuli (different sources of pollution, different 
environments, and new emerging countries), and the result of new laws enacted, due 
to a greater awareness of the topic, such as non-smoking laws. Cluster analysis found 
15 well-defined clusters, of which two (Cluster #2, “personal exposure” and Cluster 
#5, “thermal comfort”) are still active. 

This study, although not comparable to a systematic and in-depth study of the 
issue, has allowed us to delineate the past and present of IAQ research. The analysis 
of when the meaningful terms had a citation burst, together with the study of the cluster 
timeline, shows how the concept of IAQ has blossomed, starting from a medical point 
of view, i.e., from the study of the symptoms of SBS in places of work. Over the years, 
the focus has shifted to the characterization of pollutants and risk assessment. With the 
introduction of the ban on smoking in public places and workplaces, one of the 
prevailing indoor sources has been greatly reduced. 

At the same time, academic attention initially focused on workplaces, and then 
moved to public buildings, especially schools and hospitals. The implementation of 
non-smoking laws has reduced the focus on the Environmental Tobacco Smoke (ETS), 
despite the recent introduction of electronic cigarettes on the market. 

Although many studies have been completed on indoor and outdoor sources of 
pollutants and risk assessments on poor air exposure, in many parts of the world, these 
sources have been abruptly reduced (ETS, for example), so IAQ remains important. 

From the presence of new sources, ignored until a few years ago as niche or 
because they were non-existent (3D printers, electronic cigarettes), the field has 
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evolved from the need to make workplaces as appropriate and pleasant as possible (by 
thinking of a broader concept of Indoor Environmental Quality, in which more 
environmental parameters are considered to increase productivity), due to the 
ubiquitous use of new available technologies (low-cost sensors and DNA sequencing 
techniques), to the new frontiers in indoor chemistry and transformation of indoor 
pollutants. These are just a few examples of the challenges that the scientific 
community working on the issue of IAQ has encountered in recent years, without 
considering the research based on non-major fields. These challenges range from the 
impact of clothing on exposure, to smart technologies, from the study of 
phytoremediation and materials able to passively improve air quality [63–65] to new 
technologies and purification processes [46,64,66–68]. The monitoring of indoor 
airborne pollutants is a necessary step for assessing personal exposure to pollutants not 
previously considered. Many of the chemicals presently found in indoor environments 
were not present in the past, and concentrations have varied over time due to the use 
of different building materials, new consumer products, electrical appliances, and 
cleaning products. For this reason, new monitoring campaigns, as well as new 
sampling methods, are required. Passive samplers are popular and convenient for 
distributed and long-term exposure assessment, but they cannot provide a short time-
resolved picture of the indoor air, which can be completed by using more expensive 
analyzers. Widespread low-cost sensors are valuable resource that could be coupled 
with well-established monitoring techniques because, even if they have recently shown 
an improvement in power consumption, sensitivity, and resolution, they still have 
problems in selectivity. So, at the time of writing the present article, only laser 
scattering-based sensors for PM measurement provide acceptable results [69,70]. 

The collection of big data obtained from ubiquitous sensor networks [69,71,72] 
requires determining how to process and extract useful information from the raw data, 
and semantic frameworks can be a useful tool to address this challenge [73].  

From another point of view, 1.2 billion people from developing countries are 
without access to electricity, while nearly 3 billion people worldwide are exposed to 
the threat of household air pollution every day from the use of solid fuel for cooking, 
heating, and lighting [74,75]. 

These are only a few aspects the indoor air community has to consider. 
Scientometric tools can be useful to analyze, categorize, and identify milestone and 
turning points in the scientific literature. However, these tools cannot be considered 
exhaustive and scientific advances will probably be driven by new multidisciplinary 
contaminations into the discipline. 
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In Paragraph 1.2, a comparison between scientific production and 
patent literature about indoor air quality control techniques has 
been conducted; 
• despite the presence of many different technologies for the 

removal of pollutants, out of 111 registered patents, the 
majority comprised of filtration and adsorption processes; 

• photocatalysis is the major topic in the scientific literature, 
starting in 1990, dramatically increasing in 1998, reaching 
a peak in 2008 and decreasing up to nowadays, while its 
presence in the patent literature starts in 2010; 

• non-thermal plasma oxidation, botanical filtration, and 
phytoremediation are novel treatment technologies. Around 
the latter two, it is shown an intense and recent patent 
activity. 

 
1.2 Indoor Air Treatment: a comparison between 
scientific and patent literature 

1.2.1 Introduction 

1.2.1.1 Indoor pollutants 
Indoor air pollution is a complex issue, consisting of a multitude of pollutants, 

occurring in confined environments, which may pose threats to human health. As a 
result of the bibliometric study, presented in the previous chapter, pollutants’ studies 
can be clustered into three macro areas: particulate pollutants, gaseous pollutants, and 
microbiological pollutants. This type of classification is particularly useful from a 
control technology perspective, as different technologies are more effective on a 
specific class of pollutants. 

Gaseous pollutants 

Organic compounds 
Both the European and the American definition of VOC is an organic 

compound having an initial boiling point less than or equal to 250° C, measured at a 
standard atmospheric pressure of 101.3 kPa [76,77]. 
VOCs are ubiquitous in indoor environments. They are commonly present in consumer 
products, cleaning products, furnishing and building materials, paints, office 
equipment, and they are generated by human activities, such as cleaning, tobacco 
smoking, and cooking. 
The World Health Organization (WHO) categorizes indoor organic pollutants by how 
easily they are emitted: 
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• Very volatile organic compounds (VVOCs) 
• Volatile organic compounds (VOCs) 
• Semi-volatile organic compounds (SVOCs) 

While the VOC and VVOC indoor emission are generally easily assessed, SVOC, 
(including pesticides, plasticizer and fire retardants), require a much longer monitoring 
period, and only recently the public attention focused on this last type of pollutants.  

Gallego et al. [78] identified 113 VOCs in indoor environments, with a total 
VOC concentration of 1.33 ±1.53 mg/m3 in a case study where the primary source was 
outdoor. Previous studies reported similar results, with the total volatile organic 
compound (TVOC) concentration of about 1.1 mg/m3 average [39] and the mean 
concentration of each VOC is generally between 5 μg/m3 and 50 μg/m3. 
Among the variety of VOCs occurring in indoor environments, alkanes and aromatic 
compounds comprise the major classes. 
To some VOC have been associated with adverse respiratory effects [43], and to others 
have been classified as known human carcinogens [79]. 

Inorganic compounds 
Inorganic gases are mainly represented by gaseous compounds such as NO2, 

SO2, O3, CO, and they are generally traffic-related pollutants, and the presence in the 
indoor environments is due to their penetration from the outdoor. Many activities 
involving combustion (i.e., cooking, heating, incense burning, tobacco smoke), may 
dramatically increase indoor levels.  

The NO2 natural background means concentrations are in the range 0.4–9.4 
μg/m3, while indoor average, with unvented gas combustion appliances, may reach 
200 μg/m3, with short-term episodes up to 2000 μg/m3. Normal healthy people 
experienced pronounced decrements in pulmonary function for concentration equal to 
4700 μg/m3 (2.5 ppm), for short-term NO2 exposure [80].  
 In the last decades, SO2 concentration in the environments showed a decline, 
mainly due to changes in fuel use. However, the coal-burning activity can result in 
local episodes of higher concentrations. WHO guidelines [32] report as 24-hours limit 
concentration 125 μg/m3, while for the annual 50 μg/m3.  

Ground-level ozone (O3) is a pollutant. In the environment, O3 is formed by the 
action of short-wavelength radiation from the sun on nitrogen dioxide, and it can be 
enhanced by the presence of VOCs. Background levels of O3, are in the range 40–70 
μg/m3. Indoor ozone concentrations can be significantly increased by many sources, 
such as ozonizers, electrostatic filters, and photocopying machines. Short-term acute 
effects for ozone exposure, in healthy adults, have been observed at a concentration 
threshold of 160 μg/m3. The health risk to prolonged exposition includes respiratory 
symptoms, pulmonary function changes, and airway inflammation [80].   

Carbon monoxide (CO) is produced by the incomplete combustion of carbon-
containing fuels; indoor concentrations are generally comprised between 1 and 10 
mg/m3 [2,81].  Among the health effect of exposure to CO, fatigue, reduced brain 
function, cause eye irritation, headaches, confusion, it can be fatal at very high 
concentrations because of its oxygen intake inhibition. 
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Particulate/fibrous pollutants 
According to the aerosol science terminology, dust is defined as solid particles 

larger than 0.5 μm, which can deposit on surfaces. The majority of house dust particles 
are of biological origin in the order of tens of micrometers [23,49,82]. 
Fibers, instead, are characterized by a length-to-diameter ratio of a least 3:1, by a 
length of more than five μm and a diameter of fewer than three μm [82]. They can be 
classified in natural or artificial and organic or inorganic. 
Their diameter-based classification is of particular interest when we want to compare 
them with their effect on the human body. The inhalable fraction remains in the mouth 
and head area, while the thoracic fraction penetrates the airways of the respiratory 
system. At last the respirable particulates, the smallest fraction, can infiltrate most 
deeply into the alveolar region and penetrate the organism. 

 
Figure 8 – Distribution of the particulate found in the region 

One of the most known pollutants within this family is asbestos, which, in the past, 
has been widely used in materials construction. This particular mineral (exhibiting 
roughly a 1:20 aspect ratio) has been found to cause mesothelioma and several types 
of cancer. 
However, particulate matter can be not hazardous by itself, but for the molecules, they 
can vehicle. For instance, SVOC or endocrine disruptors can be adsorbed on the 
surface of dust and particles, even in appreciable amounts [83]. 

Biological pollutants 
Biological pollutants found indoor comprise animal allergens, viruses, bacteria, 

and related endotoxins, molds, which release spores and microbial volatile organic 
compounds (MVOC). Allergens produced by house dust mites are considered to be 
the most important causes of hypersensitivity pneumonitis, allergic rhinitis and some 
types of asthma. Bacteria and fungi, present in damp areas, may cause building-related 
severe disease as well, ( e.g., the Legionella bacteria). 

1.2.1.2 Indoor treatment technologies 
Three basic strategies may be applied to reduce indoor pollution, in order to 

improve IAQ: source reduction, dilution ventilation, and active control systems. While 
the first one is not always actable, increasing ventilation does not necessarily involve 
the reduction of pollutant concentrations above a safe limit; nevertheless it may imply 
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to bring in more pollutants from the outside, and it is inconsistent with energy saving 
policies. For these reasons, purification/treatment technologies deserve special 
attention nowadays. Their effectiveness widely varies, because both of the 
implemented process, both of the used material. Zhang et al., from the analysis of 59 
literature study, come to the point that none of the reviewed technologies was able to 
effectively remove all indoor pollutants, that some of them are mostly ineffective, and 
may produce harmful by-products [46].  
In the follow section are reported the commont techniques to remove pollutants from 
the indoor air and they are summarized in Table 10. 

Mechanical filtration 
Mechanical filtration is one of the most widely used air purification technique 

for removing suspended particles because of its simplicity of use most economical 
means. The minimum requirement is defined as a “fan-filter unit,” where a filter media 
is placed upstream the fan. This technique is effective on particles, which are captured 
by interception, impact, diffusion, electrostatic deposition or gravitational settling; for 
this reason, filter media undergoes to a progressive decrease of the removal efficiency, 
jointly with an increase of the pressure drop. A typical filter efficiency for individual 
filtration mechanisms and total filtration efficiency is reported in Figure 9. It is 
possible to observe that three fundamental mechanisms act concurrently and with 
different intensity, according to the particle size.  

 

 
Figure 9 – Mechanisms defining the collection efficiency of a typical filter media 

 
Mechanical filter efficiency generally depends on the type and the material of the filter; 
from the air flow and the size of the particulate. The three most commonly used 
operating parameters that characterize an air filter are the filtration efficiency, the 
pressure drop across the filter and the dust-holding capacity. Filtration efficiency is 
defined as 

 
η=1−Cdown/Cup Equation 1 

 
Here, Cup and Cdown represent the particle concentrations (particles/cm3) upstream and 
downstream of the filter, respectively.  
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HEPA filters are characterized by high filtration efficiency near 100% for particles 
having a diameter equal to 0.3µm. 

Aerodynamic air cleaners 
Cyclones and scrubbers are apparatus for the removal of suspended particles in 

which, respectively, a centrifugal force is impressed to the airstream and droplets, 
having specific kinetic energy, collect the particles. 
This mechanism is effective for larger particles because of their relatively large masses 
(and so greater inertia), and it does not need a media substitution. A drawback is that 
fine particles remain suspended in the air stream.  

Electrostatic filtration 
Electrostatic precipitators (ESPs) have been used since a century for the 

collection of particulate matter present in the gas streams of many industrial processes. 
ESPs are based on Coulombic attractions between charged particles and a collecting 
plate. That gives the principle of operation: the particulates are passed through an 
electric field, where they receive an electric charge. Afterward, particles are deflected 
by the electric field to the collector electrode [84,85] (Figure 10). 

 

 
Figure 10 – Schematic representation of the process underlying an ESP 

An electric field is formed from the application of an electric potential difference to 
the ESP discharge electrodes; the strength of this electric field is a critical factor in 
ESP performance. Despite the higher setup costs, if compared to conventional 
mechanical filters, due to high-voltage transformation unit, ESPs are characterized by 
a  small pressure drop, a high-collection efficiency of small-size particles and low 
operating and maintenance costs. A known drawback is the production of ozone by 
the discharge electrode [86], which is harmful to the health [87]. 

Adsorption 
There are many definitions of the term “adsorption” focusing on different aspects 

of the same phenomena: from a thermodynamic approach to a macroscopic 
perspective. However, all these nuances arise from the attractive forces between 
molecules, in which molecules from an ambient fluid phase tends to adhere to the 
surface of a solid because of the creation of a low potential energy region near the solid 
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surface, resulting in an increased molecular density close to the surface compared to 
the counterpart in the bulk phase [88]. 

Figure 11 and Table 9 reports the terminology adopted for describing the 
adsorption process. 

 

Figure 11 - Schematic representation of the adsorption process 

 
Table 9 – Terms related to the adsorption process 

Term Definition 
Adsorptive The adsorbable substance in the fluid phase 
Adsorbent Solid on which adsorption occurs 
Adsorbate The substance in the adsorbed state 
Adsorption The increase of the concentration of species in the vicinity of an interface 

Chemisorption Adsorption involving chemical bonding 
Physisorption Adsorption without chemical bonding 

 
The adsorption process is a common technique for removing various pollutants from 
a fluid stream. Many adsorptive materials are widely used for filters application; for 
instance, activated carbon has the ability to reduce ozone, selected volatile organic 
compounds (VOCs) and other pollutants over long periods [89], as well as zeolites, 
alumina, silica gel, clay. The adsorption process, over an appropriate media, it is 
considered effective also for little concentration of pollutants, even if they are merely 
transferred from the gaseous to the solid phase, instead of being destroyed.  

Photocatalysis 
The environmental photocatalysis enthusiasm in scientific literature was driven 

by the extensively cited publication of Fujishima and Honda [90], even if the study of 
light-driven reaction at semiconductor surfaces was already widely fuelled by the 1973 
oil crisis. However, due to long-term catalyst stability problems and difficulties in 
applying such process in real scale, the scientific interest decreased.  
Photocatalytic oxidation (PCO) over titanium dioxide (TiO2) is widely reported as a 
promising technique for decomposition of various hazardous compounds, among 
energy applications and synthesis of various compounds. 
The principle underlying the photocatalytic process is the formation of an electron-
hole pair by the absorption of a photon having energy equal or greater than the 
semiconductor’s bandgap (Figure 12). 
 

𝑃𝑃ℎ𝑜𝑜𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐
ℎ𝜈𝜈
��𝑐𝑐𝐶𝐶𝐶𝐶− + ℎ𝑉𝑉𝐶𝐶+  
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Figure 12 - Schematization of the photocatalytic process 

The formation of the electron/hole couple on the catalyst surface induces the formation 
of active species, including 𝑂𝑂2•−, 𝑂𝑂𝑂𝑂• , 𝑂𝑂•− radicals, as well as 𝑂𝑂2𝑂𝑂2, 𝑂𝑂3, 
𝑂𝑂21, 𝑂𝑂3•−,𝑂𝑂𝑂𝑂4•, 𝑂𝑂𝑂𝑂3• radicals, which take part in the oxidative process. However, most 
of the photogenerated electron-hole couple rapidly recombine after excitation [91], 
while only 10% is supposed to start the formation of Reactive Oxygen Species (ROS) 
[92,93]. 
TiO2-PCO is a non -selective air cleaning technology, which can degrade the majority 
of the contaminants (organic, inorganic, odors) and combining TiO2 with an adsorbent, 
make possible to enhance the PCO degradation of target pollutants. Doping 
(introducing defects into the catalyst lattice) and realizing new bond in TiO2-
composites are the most common techniques to lower the bandgap, in order to enhance 
the quantum yield. However, PCO can generate by-products, such as formaldehyde, 
acetaldehyde, etc., which are more harmful to human health than the original pollutant. 
Combining TiO2 with adsorption material (ie. activated carbon) may lower the 
generation of the by-products and enhance the mineralization into final compounds. 

Non-thermal plasma 
Plasma-based oxidation technology refers to a process in which a high voltage 

discharge is used for the destruction of pollutants. Non-thermal plasma (NTP) refers 
to a weakly-ionized plasma, in which electrons temperature (1-25eV) is higher than 
the average gas temperature, at ambient temperature [94]. The most commons reactor 
configuration are dielectric barrier discharge (DBD), corona discharge and 
ferroelectric packed bed reactor. The reactive species formed in the plasma region can 
directly react with the VOCs, leading to a more or less complete mineralization. Best 
results have been obtained when plasma was coupled with a catalyst [95,96]. Plasma 
air cleaners have been reported to remove particles effectively. However, NTP-
technology alone may produce a wide range of unwanted byproducts, as well as ROS, 
for this reason, it is often found coupled downstream with an adsorbent or a catalyst. 

Ion generators 
A corona charges particle by an ion generator, in order to remove them on 

collector plates or indoor surfaces. However, the effectiveness of such a device has 
been questioned as many studies demonstrate a secondary production of nanoparticles 
due to the reaction of ozone with terpenes [97,98] and a wide range of efficiencies. 
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UV-photolysis 
Gas-phase oxidation of volatile organic compounds was initially studied by 

McGregor et al. in 1988 [99]. Direct photolysis is a technique to remove VOC by 
providing photons which induce chemical changes in the pollutant structure. The 
irradiation of oxygen, with a light characterized by a wavelength shorter than 185nm, 
leads to the ozone formation. Many studies on the photolysis of chlorinated organic 
compounds [100,101], α‐Pinene [102], 27 typical indoor-found VOCs [103], were 
made, showing a wide spectrum of mineralization rate to CO2 (from 9% and 90%). 
However, due to the ozone emission and its reaction with the VOC, this technique may 
generate, as well, particulate matters [103].  

Ozonation 
In the market, some ozone generators are sold as air cleaners. Ozone is a strong 

oxidizer, and it is known for inactivating viruses and bacteria [104,105].  However, 
ozone is a pollutant, and ozonizer-only devices are not considered air-purifiers. 
 

Table 10 – Conclusive remarks on indoor air control technologies 

Technology Target pollutant Advantage Disadvantage 
Mechanical 

filtration 
PM No by-products 

Easy to implement 
Medium/high pressure-

drop; 
filter replacement; 

Aerodynamic 
air cleaner 

PM No by-products 
Easy to implement 

Medium pressure-drop; 
Medium/low efficiency 

Electrostatic 
filtration 

PM Low pressure-drop; 
Low maintenance 
Effective PM0.02 

By-products generation 
High setup cost 

Adsorption VOCs 
Inorganic compounds 

No by-products 
No energy consumption 

Easy to implement 

Medium pressure-drop; 
Adsorbent replacement; 

Target-compound specific 
Negatively affected by 

water vapor 
Photocatalysis Inorganic compounds 

VOCs 
Microbes 

Low pressure-drop; 
low energy consumption 

By-products generation 
Photocatalyst inactivation 

Optimal in 20-60% RH 
UV-photolysis Microbes 

VOCs 
Low pressure-drop; 

Effective for 
microorganism (UVGI) 

By-products generation 
Lamp replacement 

Non-thermal 
plasma 

VOCs 
Microbes 

PM 

Low pressure-drop; By-products generation; 
High setup cost 

High energy consumption 
Negatively affected by 

water vapor 
Ion generators PM Low pressure-drop; By-products generation 

Low efficiency 
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1.2.2 Materials and methods 
In order to collect the related scientific literature, article data were obtained 

from the Web of Science Core Collection (WoSCC) by Thomson Reuters before 1 
October 2018. In this study, the keywords used for the data retrieval strategy were as 
follows:  

 
indoor AND (air OR gas) AND (removal OR oxidation OR purif* OR adsor*) 
 
English-only document types were articles, letters, and reviews, ranging from 1990 to 
2018, from the following indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-
SSH, and ESCI. The final dataset contained 2935 bibliographic records of Article or 
Letters or Review in English. 

Patent data was obtained from two different sources: the USPTO database, by 
using the PatentsView library written in R and from Lens.org.  
According to the WIPO classification, subclasses indexes for gas separation processes 
are reported in Table 11: 
 

Table 11 – WIPO subclasses for gas separation processes 

 

LIQUID/LIQUID, LIQUID/GAS OR 
GAS/GAS SEPARATION 
Method 
General operations B01D 
by centrifugal force, using centrifuges or 
free-vortex apparatus B01D 

using magnetic or electrostatic effect B03C 
Apparatus 
General operations B01D 
by centrifugal force, using centrifuges or 
free-vortex apparatus 

B04B, 
B04C 

using magnetic or electrostatic effect B03C 
 

 

SOLID/LIQUID OR SOLID/GAS 
SEPARATION 
Method 
General operations B01D 
by centrifugal force B01D 
using centrifuges or free-vortex apparatus B01D 
using magnetic or electrostatic effect B03C 
Apparatus 
General operations B01D 
by centrifugal force B01D 

using centrifuges or free-vortex apparatus B04B, 
B04C 

using magnetic or electrostatic effect B03C 
 

 
The statistical analysis of articles was conducted in CiteSpace V [1], while the patents 
analysis were made in R [106], using the patentsview package [107] and the dataset 
obtained from the USPTO database. Despite Lens.org hosts a higher number of 
references, from different sources, some database fields are missing (i.e., abstract). For 
this reasons, in the following analysis, only the dataset from the USPTO was 
considered. The analysis conducted on the Lens.org database is reported in Annex 1. 
Relevant data from the PatentsView API was obtained by the following query: 
 
query <- with_qfuns(  
  or ( 
   and(begins(cpc_subgroup_id = 'B01D'), text_all(patent_abstract = "indoor")), 
   and(begins(cpc_subgroup_id = 'B03C'), text_all(patent_abstract = "indoor")), 
   and(begins(cpc_subgroup_id = 'B04C'), text_all(patent_abstract = "indoor")) 
  )) 
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The query results in 111 patents. These patents cite 2005 patents and are cited by 1066 
patents. Although the list is comprehensive only of the US patents, it is a starting point 
for being compared with the existing scientific literature. 

1.2.3 Results 

1.2.3.1 Patent analysis 
Geographical distribution of the patent dataset is reported in Figure 13.  Figure 

14a shows the citations network among the resulted patents, while in Figure 14b and  
Figure 14c are reported two major patents sub-networks. The cluster B (Figure 14b) 
collects many patents characterized by the most widely-adopted technologies: 
filtration, adsorption, oxidation and electrostatic precipitation. Cluster C, instead, 
gathers patents about phytoremediation and botanical filtration. The unconnected dots 
cloud are representative of patents which do not have anteriority within the dataset.  
 

 
Figure 13 - Geographical distribution of the patent dataset 

 
Figure 14 – a) Patents citation network; b,c) major patents sub-networks 
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Table 12 reports the patents which have the highest number of patent citations, that are 
contained within the clusters B-C. 
 

Table 12 - Patents with the highest number of patent citations 

Cluster B Citing 
patents Title Patent # 

5221520 8 Apparatus for treating indoor air 
6432367 7 Indoor air quality gas phase return air cleaner 
5186903 7 Apparatus for treating indoor air 
6280691 7 Indoor air purification system 
6866701 7 Oxygen enrichment of indoor human environments 
6726558 7 Oxygen enrichment of indoor human environments 
4892719 6 Removal of aldehydes and acidic gases from the indoor air 

 
Cluster C Citing 

patents Title Patent # 
5397382 5 Bio regenerating air filter 
5277877 5 Room air purifier 
4961763 4 Indoor air purifier 
5217696 4 Combined lamp and indoor air purification apparatus 
6197094 3 Device for improving the quality of indoor air 
5433923 3 Indoor humidifier and air purifier 
6230437 3 Plant stand 

 
In Table 13 are reported the top organizations patenting in the indoor air quality control 
group (IAQC).  In “IAQC patents” column is reported the number of patents pertinent 
to the query, in the “total patents” column, is reported the total number of patents 
belonging to an Assignee, and in the last column the ratio between the two previous 
columns. 
 

Table 13 - Top patenting organization in the IAQC dataset 

Assignee IAQC 
patents 

Total 
patents 

IAQC patents / 
total patents 

Daikin Industries, Ltd. 10 2543 0.004 
ENVERID SYSTEMS, INC. 8 16 0.5 

Brown University 4 134 0.03 
Carrier Corporation 3 2404 0.001 

G.B.D. Corp. 2 112 0.018 
North Carolina Center for Scientific Research, Inc. 2 3 0.667 

NovelAir Technologies, L.L.C. 2 7 0.286 
Space Biospheres Ventures 2 12 0.167 

WMA Ranger, Inc. 2 2 1 
 
A further step in the patent analysis is reported in Figure 15, in which, the patent count, 
identified as the Cooperative Patent Classification (CPC) group are plotted against the 
year. More than one CPC may classify a single patent. 
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Figure 15 - CPC groups in the IAQC dataset  

In Table 14 are reported the largest CPC groups reported in Figure 15. It is 
possible to observe in Figure 15 that the group B01D225 is correlated to the 
“Components to be removed” through a separation process (B01D) and it is, generally, 
linearly related to the number of patents. Patents belonging to the CPC B01D46 (Filters 
for PM) appeared around the year 2000, as before the PM was recognized mostly as a 
nuisance pollutant. B01D53 is a wide group of separation techniques designed for 
separating gases and B01D39 is related to the material which filters are realized. 
 

Table 14 - Most occurring CPC groups in the IAQC dataset 

CPC code Description 
B01D2257 

 
Components to be removed 

 

B01D46 Filters or filtering processes specially modified for separating dispersed 
particles from gases or vapors 

B01D53 Separation of gases or vapors; Recovering vapors of volatile solvents from 
gases; Chemical or biological purification of waste gases, e.g., engine 

exhaust gases, smoke, fumes, flue gases or aerosols 
B01D39 Filtering material for liquid or gaseous fluids 

 
Through a more detailed investigation of the group B01D2257, reported in 

Figure 16, it is possible to highlight how different target pollutants have changed 
during the last decades. While the odorous compounds have always been present as a 
target species, other pollutants, such as VOCs and ozone, became part of it, only 
recently. This aspect is in agreement with the bibliometric analysis presented in the 
previous paragraph. 
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Figure 16 - Time distribution of the target pollutants reported within the CPC B01D2257. 

Although CPC groups are descriptive of a particular process, to further enhance 
the analysis, a new variable has been introduced. Its value is related to the process 
adopted to remove the target pollutants, among the ones reported in Paragraph 1.2.2.  
The assignment of the corresponding value has been made by scraping the abstract and 
title text of each patent and looking for specific keywords, reported in Table 15. 
 

Table 15 - List of keywords used to “label” the type of process described. 

Process Keywords 
Filter  "HEPA", "ULPA", "filter", "filters", "filtration", "filtering" 
Aero "Cyclone", "scrubber" 
ESP "electrostatic filtration", "electrostatic precipitation", "electrostatic filter" 
Ads "adsorption", "adsorbent", "adsorbing" 
PCO "photocatalysis", "photocatalyst", "semiconductor" 
UV "UVGI", "photolysis", "UV-C" 
NTP "NTP", "plasma", "dielectric barrier discharge" 
Ion “ionizer", "ionization", "ions" 

Plant "plant", "botanical", "plants" 
 
In order to assess the goodness of the clustering process, Figure 17 reports the 
correlation plots between the patent year, the CPC subgroup related to the patent (the 
B01D2257 group was removed, as it is indicative of the target pollutant removed) and 
the new variable “process.” Despite the low correlation value (0.22) between the 
process and the cpc_subgroup, by manually analyzing a significant sample of patents, 
in most of the cases, the classifier algorithm succeeded in correctly labeling the 
process. 
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Figure 17 - Correlation plot between the year, the cpc_subgroup and the process  

 
The number of patents, identified using the same technology, versus the year, are 
reported in Figure 18. It is possible to notice that adsorption and filtration are, since 
1980, the most adopted processes for removing pollutants from the indoor; only 
recently photocatalysis became commercially available, as well as 
phytoremediation/botanical filtration. 
 

 
Figure 18 - Number of patents, using different control techniques, published by year 

 

1.2.3.2 Scientific literature analysis 
The co-citation network (see paragraph 1.1.3.4. for an exhaustive description) 

of the selected dataset is reported in Figure 19.  
The presence of two macro-groups is easily appreciable. By analyzing the articles 
present in each cluster, it was found that in the left macro-group, were present many 
articles on the impact of reaction products from building materials and furnishings and, 
therefore, they were considered not relevant to the current research. On the other hand, 
in the right macro-grouping,  studies relating to processes, technologies, and materials 
for the "active" removal of indoor pollutants are reported.  
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Figure 19 -  Landscape views of the resulted co-citation network 

 
The largest group collects the Clusters #1,4,57,21,49, and it is related to the TiO2 
photocatalysis.  
Bismuth-based catalysts, grouped in Clusters #6,20, is a recent study line and they are 
considered a valid alternative to TiO2, due to their reduced bandgap, and therefore, 
they are suitable for real-scale applications, without the need for UV irradiation.  
In Clusters #2,22, the main character is the formaldehyde, and the processes collected 
in this group are photocatalysis and adsorption. Formaldehyde is an indoor pollutant 
of great concern, due to its carcinogenicity. However, in literature are reported both 
cases of photocatalytic oxidation of formaldehyde, conducted by TiO2, both cases of 
photocatalytic air purifiers in which the formaldehyde production was monitored.  
Clusters #12,17 report the use of NTP (with and without catalyst) for the effective 
removal of formaldehyde and toluene.  
To conclude, in the bottom right, a group containing the Clusters #13,15 collects 
publications about botanical filtration/phytoremediation. In order to have a 
straightforward visualization of the trend of the previously cited groups, Figure 20a 
reports the number of publications during the considered period. It is possible to 
observe a dramatic growth of publications about TiO2-photocatalysis, starting from 
1998, reaching a maximum in 2007 and, then, a decrease. A similar trend is for the Bi-
based catalyst, but no publications were found before 2002.  
NTP is a relatively new control technique, the interactions are more complex and it is 
less interdisciplinary if compared to the PCO. It started in 1998 and an average of 10 
publications for year were found. To conclude, phytoremediation and botanical 
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filtration were studied only recently (1997). Figure 20-b reports the extracted term by 
the article analysis; the font size is proportional to the single word occurrence. 
 

 

 

Figure 20 - a) Publications occurrence by year in different research areas. b) extracted term 
from the publication abstract, title, and keywords. 

1.2.4 Discussion 
In this paragraph, after listng the most widespread technologies for the control of 

the IAQ, a comparison between the patent and the scientific literature has been made. 
It is possible to report a few observations: 

• Filtration and adsorption have always been the leading technology to remove 
particles, widely reported in the patent literature; however, as a well-
established technique, not many advances are reported in the recent scientific 
literature;  

• In the scientific literature, photocatalysis has been subjected to tremendous 
growth until 2010, followed by a decrease. However, photocatalysis (alone or 
coupled with other processes), in patents literature, accounts for less than 
10%. This aspect reflects how the photocatalysis cannot be considered a 
mature technology; 

• The coupling of a PC with an adsorbent material is of current interest;  
• Botanical filtration and phytoremediation (often coupled with adsorption) are 

a novel alternative to traditional IAQ control technologies, found both in the 
patent and scientific literature. 
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Chapter 2: 
Experimental 
 
 

2.1 Introduction 
2.2 Adsorption and Electrostatic 
2.3 Photocatalysis and Adsorption 
2.4 Photocatalysis and Electrostatic 
2.5 Combined process 
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In this second chapter, a combined process for the removal of 
different pollutants has been described and studied. The 
simultaneous application, on-site, of three control technologies 
(adsorption, photocatalysis and electrostatic precipitation) 
enhance the process efficiency and lower the drawbacks of the 
singles.  
• In paragraph 2.1 an overview of the coupled processes and 

how the research has organized is provided; 
• In paragraph 2.2, the effect of an external applied electric 

field (such as the one present in electrostatic precipitators) to 
an adsorbent, is described; 

• In paragraph 2.3, the coupling of a photocatalyst with an 
adsorbent material is described; 

• In paragraph 2.4, the coupling of photocatalysis with an 
external applied electric field is described; 

• In paragraph 2.5, the application of the three processes 
simultaneously and locally has been studied. 

 
2.1 Introduction 

The application of many control technologies, within a commercial air-purifier 
device, is a common technique to improve the efficiency of the process. The most 
common configuration is in a sequential manner, in which the first process (i.e., 
filtration) is followed by the second process (i.e., adsorption), and so on. This type of 
configuration, even if simpler, may results that each stage may lose efficiency 
differently, leading to a not-perfect synergy and a higher pressure drop across the 
device, which turns in a more powerful mechanical air extraction system (and higher 
electrical consumption).  
 In literature, there are many examples of synergies coming from the coupling 
of, at least, two processes. Among these, one of the most investigated is the coupling 
of a photocatalyst with an adsorbent material, with the aim of enhancing photocatalytic 
activity by increasing the concentration of the target pollutant in the vicinity of the 
catalyst. The confinement of a plasma in the proximity of a catalyst is, as well, an 
emerging technique with the aim of increasing the mineralization rate of gaseous 
pollutants. The highly ionized gas is produced by high voltage electrical discharges, 
such as dielectric barrier or corona discharges, which also produce ozone and other 
radicals. The application of an electric field to an adsorbent, in the air, has never been 
deeply investigated; while there are few references in which technical adsorbents were 
treated with ozone, or other oxidizing species, in order to alter the surface functional 
groups. 
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2.1.1 Synergies and the “hybrid” process 
Each pollution control technique has pro and cons; by the simultaneous 

application of two processes, different synergies can develop. For instance, the harmful 
excess ozone, generated by a corona discharge, may enhance the photocatalytic 
activity of a photocatalyst by increasing the production of •OH radicals [93] or modify 
the surface functional groups of an absorbent [108,109]. Anyway, the same synergy 
may be considered positive or negative: the change of surface functional groups may 
“regenerate” the adsorbent for certain pollutants and inhibit the adsorption of others. 
Few synergies may be applied to the different system (air and liquid), while others are 
strictly related to a specific one (e.g., the “electrosorption” requires the presence of a 
solvent in which ions are migrating). 

For these reasons, the simultaneous application of two processes can be named 
accordingly the type of system considered, the configuration and the intended purpose. 
Figure 21 report a scheme in which are reported the terms adopted in literature to 
describe the coupled process under investigation. 
 

 
Figure 21 - Terminology found in the literature to describe the coupled process under 

investigation 

2.1.2 Current work 
Firstly, given the lack of information in the literature about coupling an 

adsorbent material with an external applied electric field (Ads+ESP), the coupled 
process was investigated. Technical and unconventional adsorbents were tested in 
order to highlight how the electric field affects the kinetic of adsorption of a selected 
volatile organic compound. Then, relying on these test results, the two best-performing 
adsorbents were selected, and they were coupled with a photocatalyst, under different 
deposition methods (Ads+PCO). Jointly, the study of the effect of an electric field 
applied on a photocatalyst has been carried out (ESP+PCO). 
The roadmap about the conducted investigation is briefly reported in Figure 22.  
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Figure 22 - Roadmap of the conducted work. 
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Adsorption is a consequence of the surface energy. The existence 
of electrostatic bonding means that the presence of an external 
electric field may affect the adsorbate/adsorbent interaction. 
Nevertheless, this aspect has been poorly studied in the literature, 
except for the use of non-thermal plasma or corona discharge for the 
modification of the adsorbent. The main findings in this section are: 
• the positive corona, formed at the discharge electrode, generates 

ionized and active species which interact both with the sorptive in 
the gas phase, both on the surface, with the adsorbed species 
(Section 2.2.3.1); 

• the adsorbent is modified by the ionized gas(Section 2.2.3.2); 
• the ionic wind, produced by the corona discharge, affect the 

transport of the sorptive towards the adsorbent, resulting in more 
efficient adsorption kinetic (Section 2.2.3.3). 

 
2.2 Adsorption and Electrostatic 

2.2.1 Introduction 
As the term “adsorption” is defined by the IUPAC as “An increase in the 

concentration of a dissolved substance at the interface of a condensed and a gaseous 
phase due to the operation of surface forces,” it is impossible to think that an alteration 
of the distribution of the surface charges of the adsorbent, due to the external-applied 
electric field, may not impact the adsorption process. As well, the generation of “active 
species and radicals may play a role in the adsorption or/and in altering the adsorbent 
characteristics.  

2.2.1.1 Electrosorption 
In 1989 Grevillot defined “electrosorption" as the reversible adsorption or the 

reversible retention of ions, molecules, or particles from a liquid phase on or near an 
electronic conducting surface as a function of the electric potential difference between 
the surface and the liquid [110]. From this first definition, which was related only to 
the liquid-solid adsorption, Su and Hatton broaden the definition to all those 
phenomena in which this surface-binding process is promoted or aided by the presence 
of an electrical field [111]. However, while this definition seems to cover every 
scenario in which a polarization of a conductive substrate (due to an application of an 
electrical current) induces an attraction of oppositely charged species to the surface, a 
literature research highlights that this process is mainly used in capacitive and 
pseudocapacitive deionization for separation [112–115], and energy storage [116,117]. 
Other applications are the removal of dangerous contaminants such as organic ions 
and heavy metals, or for enhanced liquid chromatography sensing techniques [118]. 
The scope of application of electrosorption is, therefore, closely linked to the presence 
of a liquid phase and a solid phase.  
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Figure 23 - Schematic of the electrosorption process 

 
Difference between electrosorption and adsorption from the gas phase are well 

described by Gileadi [119],  Bockris [120] and Chue [121]. Table 16 briefly reports 
these differences. However, this term has never been used to define the phenomenon 
in the gas phase. The main reasons are because the air is not electrically conductive 
and the species in the electrodes are barely adsorbed and not solvated. However, in 
case of a weakly-ionized plasma, the charged species in the air gap between the 
electrodes can conduct electricity, and the electric field may displace molecules 
previously adsorbed. 
 

Table 16 - Differences between gas-phase adsorption and electrosorption. 

 Adsorption from 
gas-phase 

Electrosorption 

Adsorbent surface  Bare Solvated 
The standard free energy of adsorption Higher Lower 

Potential difference at the interface Is constant Can be varied 
Adsorbent  - Electrically conductive 

Solute  - Electrically conductive 
 

2.2.1.2 Electroadsorptive effect 
Not to be confused with the previous term, the electroadsorptive effect consists 

of applying an external electric field to the sensitive layer of a semiconductor gas 
sensor, in order to alter its sensing behavior.  
When an electronegative molecule approaches the surface of a thin metal conductor, 
the free electrons are attracted from the solid surface. A fortiori, if dealing with a 
semiconductor (such as activated carbon) which has a lower number of available 
displaced charges, the thickness of the layer involved by the electrostatic attraction 
will be larger, and, the electrical conductivity, will be lower. This change in the 
electrical performance of the semiconductor is the fundamental operation of the metal 
oxides (MOS) gas sensors. If the described system is placed between an electric field, 
induced, for instance, by applying a voltage between two electrodes, the field may 
force the electrons towards (or in the opposite way), the (semi)conductor surface, 
decreasing (or increasing) the adsorption of certain gas species [122]. The application 
of this idea in gas sensing applications was firstly described by Wolkenstein [123] in 
1960 but, up to nowadays, no application, exploiting the same principle, has been 
reported regarding pollution control technology. 
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Figure 24 - Schematic diagram of the electroadsorptive effect. Adapted from [122] 

However, few examples are reported in the literature in which an electric field is 
applied to a carbonaceous adsorbent material (Table 17), but with different purposes. 
It is interesting to notice that the main purposes of those studies are different, as well 
as the main findings are sometimes contradictory and an unequivocal explanation of 
the phenomenon has not yet been produced. For these reasons, this chapter will focus 
mainly on providing greater insight of the possible occurring physical phenomena. 

2.2.1.3 By-products generation 
Air consists of a mixture of oxygen (O2) and nitrogen (N2). When air is 

overstressed electrically, the oxygen molecule is split into O, and it becomes very 
chemically reactive [124]. Electron-impact reactions mainly occur in the corona 
plasma region. However, produced radicals may be transported outside of the corona 
plasma region. 
The atoms can combine into O2 or ozone, and if the electrical stress is very high, the 
oxygen enters chemical combination with the nitrogen, forming nitrogen oxides.  
An exhaustive list of reaction mechanisms for ozone and nitrogen oxides production 
in positive corona discharges has been compiled by Chen et al. [125] but, by way of 
simplification, we can summarize the overall reaction in several steps. The initial step 
for the formation of O3 and NOx is given by the dissociation of molecular O2 and N2 
by electron impact: 

𝑐𝑐 + 𝑂𝑂2 → 𝑂𝑂 + 𝑂𝑂 + 𝑐𝑐 
𝑐𝑐 + 𝑁𝑁2 → 𝑁𝑁 + 𝑁𝑁 + 𝑐𝑐 

 
Then, the atomic nitrogen reacts with O2 and O3 to form NO: 
 

𝑁𝑁 + 𝑂𝑂2 → 𝑁𝑁𝑂𝑂 + 𝑂𝑂 
𝑁𝑁 + 𝑂𝑂3 → 𝑁𝑁𝑂𝑂 + 𝑂𝑂2 

 
moreover, NO2 is formed by the further reaction of NO: 
 

𝑁𝑁𝑂𝑂 + 𝑂𝑂3 → 𝑁𝑁𝑂𝑂2 + 𝑂𝑂2 
 
thus, different forms of nitrogen oxides are expected to form, only NO and NO2 were 
monitored in our study. 
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Table 17 - Summary of publication in which an electric field was applied to a carbonaceous adsorbent material 

Objective Coupled process  Main findings Author Ref 
Regeneration of GAC exhausted with 

acid orange 7  
Adsorption/ 
DBD plasma 

Activated 
carbon 
(GAC) 

• Decrease of surface area of GAC 
• O2 is favorable for the regeneration of GAC 

Qu et al. 
2008 

[126] 

p-nitrophenol degradation by the 
simultaneous operation of AC and 
electrocatalysis in a single reactor 

sparged with O2 

Electrocatalysis/ 
adsorption 

Activated 
carbon 
(AC) 

• Formation of AC microelectrodes under the EF.  
• AC acted not only as adsorbent but also as catalyst.  
• Partial electrochemical regeneration of AC adsorption 

capacity 

Wu et al. 
2004 

[127] 

SO2 and NO adsorption using AC, 
followed by microwave radiation 

desorption  

Adsorption/ 
microwave 
irradiation 

Activated 
carbon 
(AC) 

• SO2 and NO are desorbed from AC under microwave 
heating 

• SO2 and NO under microwave irradiating over AC are 
decomposed 

• AC is regenerated 

Ma et al. 
2012 

[128] 

The effect of an applied electric field 
on hydrogen physisorption isotherm 

on carbonaceous sorbents 

Electric field/ 
Adsorption 

Activated 
carbon 
(AC) 

• Application of EF to enhance hydrogen adsorption  
• The enhancement is distinctive on Pt-supported carbon 

samples.  
• No enhancement of carbon samples only.  
• Effect due stronger interaction between electrical 

charges in AC and the dissociated hydrogen. 

Shi et al 
2010 

[129] 

Electronic structure calculations on 
how electric field influences the 

hydrogen adsorption on graphene. 

Electric field/ 
Adsorption 

Graphene • A linear relationship between the EF intensities and 
chemisorption energies  

• The chemisorption energy values increased with the EF 
• The chemisorption bond distance did not show a 

significant change with the EF intensity. 

Cab et al. 
2015 

[130] 

Electric Field Swing Adsorption 
(EFSA) for CO2 capture  

Electric field/ 
Adsorption 

Activated 
carbon 
pellet 

• EF creates favored adsorption sites 
• Negative charges serve as electron donating centers on 

sorbent surface, driving the formation of dative bonds by 
supplying electron density to Lewis acid center 

Finamore 
et al. 
2011 

[131] 
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Figure 25 - Schematic of the production of by-products by corona discharge 

NO2 can be adsorbed on the activated carbon surface through a different 
mechanism: physisorption, chemisorption, and reduction; however, when NO2 is 
adsorbed on carbonaceous materials, a significant amount of NO can be released [132]. 
The adsorbed species, once leached with ultrapure water, can be found in the form of 
nitrates and nitrites, which can be quantified using liquid ionic chromatography. 

O3, in low concentrations, can be effectively removed by activated 
carbon[133]. The ozonation of activated carbon is reported as a technique for 
modifying its surface functional groups (Paragraph 2.2.1.5).  

 

 
Figure 26 - Atmospheric gas-phase corona-induced reaction. From [134] 

2.2.1.4 Electrohydrodynamic effect 
The creation of electric wind due to the electrohydrodynamic force is a known 

effect due to the charged/neutral particles interaction in electrically charged fluids, 
which occurs in DC corona discharge and surface dielectric barrier discharge. 
The electrohydrodynamic (EHD) phenomena, using a pair of asymmetrical electrodes 
having a potential difference of the order of few of kilovolts, was first studied by 
Brown in 1928 [135]. However, while the efficiency of such devices for moving air 
flow is few unit percents, EHD devices receive interest mainly because of the absence 
of moving parts and for their potential for miniaturization. 
Numerical modeling of the electro-induced flow by a filamentary discharge electrode 
on a plate is a topic that has already been discussed in the literature [136–138]. 
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The gas ions, formed in the corona discharge area, are accelerated by the 
electric field, which results in a drag force of the bulk fluid. An ionic wind, which 
includes neutral molecules, is formed. For the sake of simplicity, only three generic 
charged particles will be considered: electrons, positive ions, and negative ions.  
The EHD flow generated by the positive corona discharge is described by the 
Poisson’s equation, in which the electric field intensity, 𝐸𝐸�⃗ , and the electric potential V 
are related according to the Equation 2: 
 

∇��⃗ ∙ 𝐸𝐸�⃗ = ∇2𝑉𝑉 = −
𝑞𝑞
𝜀𝜀0

 Equation 2 

 
In which q is the space charge density (C m-3) and 𝜀𝜀0is the vacuum permittivity. 
The electron density is then computed by solving the drift-diffusion equation for the 
electron density (Equation 3), with using the local field approximation (Equation 4), 
in order to relate the mean electron energy to the reduced electric field [139]. 
 

∂ne
∂t

+ ∇ ∙ Γe���⃗ = Re ∙ (u�⃗ ∙ ∇)ne 
Equation 3 

ε = F �
E
N
� Equation 4 

 
The EHD force acting on the neutral gas can be approximated, according to the Boeuf 
approach [140], by the following equation 
 

𝐅𝐅 = e0�Np − Nn − Ne�𝐄𝐄 Equation 5 

 
In which Ni is the i-charged species density, e0 is the elementary charge, towards the 
same direction of the electric field. 
When charged molecules, generated in the corona plasma region, are accelerated by 
the electric field and gain kinetic energy, due to their collision with other neutral 
species, their momentum is transferred to the adjacent molecules, resulting in a bulk 
gas flow.  

 

 
Figure 27 - Schematic of the generation of ionic wind by corona discharge 

In particular, according to Boeuf [140], electric wind velocity increases with the 
square root of both the electrode gap and the discharge current, according to Equation 
6: 
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𝑣𝑣𝐺𝐺 = 𝐷𝐷�
𝑑𝑑𝑑𝑑
µ

 Equation 6 

 
Where d is the electrode gap, I is the discharge current, μ is the ion mobility and D is 
a constant. This simplified equation is valid for the hypothesis that the cross-section 
area of the corona discharge and the gas density are constant. 
The discharge current is then evaluated as follows [85]: 
 

𝑑𝑑 = 𝐶𝐶𝑉𝑉(𝑉𝑉 − 𝑉𝑉0) Equation 7 

 
Where V is the applied voltage, V0 is the onset voltage and C a constant depending on 
the electrode geometry and ion mobility. The corona onset voltage is the lowest voltage 
at which continuous corona occurs, and it is described by the Peek’s law.  Equation 7 
highlights that the discharge current increases in a quadratic manner with the applied 
voltage. The wire electrode thickness also affects the electric wind velocity. Debien 
[141] showed how decreasing the wire radius it is possible to attenuate the presence of 
micro-discharges on the wire, inducing an increase in the maximum electric wind 
velocity. 

2.2.1.5 Adsorbent modification 
Few authors suggested that it is possible to enhance the adsorbability of 

activated carbon by surface modification. Alongside traditional methods of 
modification, dielectric barrier discharge [142,143] and ozonation [108,144] have 
been used as well to introduce functional groups on the surface. The surface of 
carbonaceous materials, reacting with O3, may obtain many oxygen-functional groups, 
such as: -OH, -CHO, -COOH, CO. These groups are characterized by a high polarity, 
which involves a higher adsorption capacity of polar adsorbates. Deitz [145] studied 
the rate of adsorption of water vapor by ozone-treated activated carbon, and he 
attributed the enhanced kinetic to the formation of highly-polar sites on the carbon, 
although the BET area decreases. 
 

2.2.2 Materials and methods 

2.2.2.1 Adsorbents  

Technical and unconventional adsorbents 
Different technical and unconventional adsorbents were characterized and 

studied, in order to study the coupled processes with different materials having 
different properties and to find the best candidates regarding cost, efficiency, and 
stability. For these reasons, technical and widely adopted adsorbents, such as activated 
carbon (AC), silica (S), alumina (A), zeolite (Z) and unconventional ones, as 
montmorillonite (M) and fly ashes (FAC, from coal burning and FAB, from biomass 
burning), were investigated.  
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The list of the adsorbent is reported in Table 18. The different composition between 
the two fly ashes is reported in Table 19. The main difference is the amount of 
aluminum oxide, which is expected to affect the electric property of the fly ashes. 
 

Table 18 - List and reference of the adsorbent investigated 

Adsorbent Brand (producer) 
Activated carbon 205 E (BMD), from mineral coal 

Silica Silica gel 60A 6 - 35μm (Carlo Erba Reagents) 
Alumina Activated basic alumina (Jansen Chimica) 

Montmorillonite Montmorillonite KSF (Fluka Chemie) 
Coal-Fly Ashes From coal [146] 

Biomass-Fly Ashes From wood, corn stover, and corncob ash (WCSA) [147] 

 
Table 19 - Fly Ashes oxide composition comparison (%) 

FA type Na Mg Al Si P S Cl K Ca Fe 
WCSA 5.6 4.0 8.2 39.9 3.3 6.0 2.6 7.1 16.5 5.0 

Coal 0.1-06 0.2-3 22-36 36-52  0.2-2  0.2-2 1-10 2-10 
 
All the tested materials were grinded, and the material passing through a 0.42mm sieve 
was dispersed in deionized (DI) water, sonicated for 15 minutes, coated on a 
50x100mm glass slide and dried under an IR lamp.  

Activated carbon cloth (ACC) 
Air filtration and adsorption require good control over the containment of the 

adsorbent material, and the use of activated carbon clothes meets this requirement 
[148]. Moreover, ACC is ubiquitous, and it is used in the automotive sector, in kitchen 
hoods, and aircraft.  

Two activated carbon clothes (ACC), commercially available, were tested. If 
not otherwise indicated, the sample used for all tested materials was provided by 
Purification Products Limited. For few tests, ACC was provided by Rema Filtration. 
Their characteristics are reported in Table 20.  
 

Table 20 - Activated carbon fiber clothes characteristics. 

Parameter Rema Filtration Purification Products 
Limited 

Specific weight 280 g/m2 280 g/m2 
Thickness 17 mm 13 mm 

Average particle diameter  352 µm 
Carbon content (w/w%)  32% 44% 

Carbon BET surface area  n.a. 400 m2/g 
 
 
 
 



46 2.2 Adsorption and Electrostatic 

Chemicals and reagents 
All of the organic compounds used (Acetone, Acetaldehyde, Benzene, 

Cyclohexane, Ethanol, Methyl Ethyl Ketone, Toluene, 1-Propanol) are of a lab-grade 
purity and were purchased from Carlo Erba reagents S.A.S. These selected compounds 
have been chosen as representative for common organic pollutants. 

 

2.2.2.2 Apparatus 

Experimental setup 
The test apparatus consists of a sample holder, on which the adsorbent 

specimens takes place (Figure 28), positioned inside a 13-L box with borosilicate glass 
walls. To a thin (180 µm diameter) tungsten wire electrode (discharge electrode) it has 
been applied a positive potential, whereas the opposite electrode (collector) is earthed 
by two grounded connections at the ends of the activated carbon cloth sample, or the 
glass is placed over an aluminum plate. A fan, with trough apposite deflectors, induces 
an air flux parallel to the sample (direction 1). The applied electric field yields a driving 
force to the charged particles and a vertical velocity component in the direction of the 
potential gradient (direction 2).  
 

 
a) b) 

Figure 28 -  (a)The sample holder for the experimental setup. (b), the full test apparatus is 
reported. The selected compound is injected between the outlet and the fan.  

 
Inside the glass box, temperature and relative humidity are monitored (R.H. = 59 ± 6% 
T = 24 ± 2 °C) through a SHT21 (±0.3 °C ± 2%) sensor. Sample temperature is also 
monitored by using an MLX90614 IR thermometer (±0.5 °C) (Melexis NV, Ieper, 
Belgium).  
Air velocity measurements were conducted using a hot wire anemometer and a metal 
net instead of the sample. The anemometer was placed under the metal net, in order to 
measure the intensity of the ionic wind toward the sample, as a function of the applied 
electric field and fan speed.  

For evaluating the VOC adsorption kinetic, an initial amount of 0.33 mmol was 
injected into the test box is. Data collection starts 30 s after the initial injection, in 
order to account for its full vaporization. 
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Determination of water vapor adsorption isotherms 
Water vapor adsorption is a standard characterization method, in which the 

partial pressure of water vapor is varied, and the adsorbed mass measured. By using 
an appropriate model, such measurements make possible to estimate the internal 
surface area and the pore size distribution, by the hysteresis between adsorption and 
desorption isotherms. 
From the desorption isotherm, it is possible to estimate the cumulative pore volume 
and surface area, by means the Kelvin equation [149,150]: 
 

𝑅𝑅𝑅𝑅 ln
𝑃𝑃0𝐾𝐾

𝑃𝑃0
= −

2𝛾𝛾𝑉𝑉𝑚𝑚
𝑐𝑐𝐶𝐶

 
Equation 8 

 
Where the constant 2γVm/RT is 1.05 nm for Water (γ = 0.072 N/m, Vm = 18 cm3/mol) 
at 25◦C. 
Adsorption isotherms of tested samples were carried out in a constant temperature and 
humidity glass desiccator. The humidity was controlled by using a set of saturated 
solutions of salts. Humidity and temperature were recorded continuously by using an 
SHT21 (Sensirion) digital temperature sensor. Before each test, samples were dried at 
105°C in an oven for 4 hours. Weights of the samples were recorded every 24h by an 
electronic balance with an accuracy of 0.00001g. 

SEM and EDX analysis 
Sample morphology was investigated by Scanning Electron Microscopy 

(SEM), using a ZEISS 1530 SEM, equipped with a Schottky emitter, with two different 
secondary electrons (SE) detectors (the in-lens and the Everhart-Thornley), operating 
at ten keV, coupled with an energy dispersive microanalysis (EDX). 

Boehm titration 
The Boehm titration [151] is a technique that allows quantifying acidic or basic 

functional groups on the surface of activated carbons. This method is supported by the 
existence of oxygen surface groups having different acidities that can be neutralized 
by bases having different strengths, like NaHCO3 (pKa = 6.4), Na2CO3 (pKa = 10.2) 
and NaOH (pKa = 15.7). In ascending order of strength, NaHCO3 neutralizes only the 
carboxylic groups, Na2CO3 neutralizes the lactonic and carboxylic groups, and NaOH 
neutralizes the phenolic, lactonic, and carboxylic groups.  
Two samples of activated carbon cloth were exposed for one hour in the apparatus 
previously described, with an applied potential of, respectively, 3 and 7kV. The 
method adopted follows the procedure described by Kim et al. [152]. Briefly, each 
sample was divided into smaller pieces, and two of these (weighing approximately 
60mg) were weighted and placed in a flask with a 10ml of an alkali solution (0.1M). 
Then, the flasks were sealed and sonicated for 10 minutes, and an aliquot of 10 mL 
from the sample solution was taken and titrated using 0.1M HCl.  

Raman Spectroscopy 
The Raman spectra were obtained with an integrated confocal micro-Raman 

system with a LabRam Aramis (Horiba Jobin Yvon) 460 mm spectrometer equipped 
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with a confocal microscope. The light source was a laser emitting green light diode at 
532 nm with 50 mW power. 

FTIR analysis 
Infrared spectra were collected at room temperature with a GX1 Perkin Elmer 

spectrophotometer, coupled with Autoimage microscope and U_ATR accessory 
(SensIR Technologies) for measurements in Total Attenuated Reflectance Acquired 
spectra were elaborated with Spectrum 5.3 by Perkin Elmer.  

Electrical impedance measurement 
Microporous carbons are capacitors, so they are used to store electrical energy 

if coupled with electrolytes. For this reason, a classical impedance meter is usually not 
convenient for measuring resistance (except if it has a very high internal impedance) 
because the capacitor is charging during the measurement. The I-V curves of the ACC 
were acquired in AC mode, by a Reference 3000 (Gamry) potentiostat, in the 105-101 
Hz range, with 100mV rms. Measurements were taken at room conditions 
(temperature equal to 27°C and relative humidity equal to 70%), in the air, by directly 
attaching the electrodes on Hoffman clamps at both ends of a 2x3cm ACC sample. 

O3, NOx, VOC, CO2, CO concentration measurements 
Air samples inside the box were collected and analyzed every 3 min by an 

automatic photoacoustic transducer system (Brüel and Kjaer Multi-gas Monitor Type 
1302, Nærum, Denmark) equipped with UA0982, UA0984, UA0987, SB0527 filters, 
in order to determine concentrations of VOC, CO2, CO, and water vapor.  
To monitor the ozone concentration, a UV Photometric Ozone Monitor (API Ozone 
Monitor Model 450) has been used, while NOx concentrations were determined using 
a chemiluminescent analyzer (Monitor Labs, Nitrogen oxides analyzer model 8841). 

Determination of the adsorbed ions 
To determine the amount of nitrites and nitrates adsorbed, the sample was 

placed into an airtight container with approximately 40 mL of ultrapure water and 
subsequently mixed for 24 h on a suitable rotary shaker (Heidolph Reax 20, 
Schwabach, Germany), at a speed of 4 min−1. Then, the aqueous solution was analyzed 
by liquid ion chromatography (IonPac Dionex AS23 Anion-Exchange Column, 
Waltham, Massachusetts) in the first three hours subsequent the extraction with water. 

2.2.2.3 Data elaboration 
The process efficiency is correlated with the kinetics of adsorption, described 

by several mathematical models, which can generally be classified as a reaction or 
diffusion models. In the diffusion model, it is possible to distinguish three subsequent 
steps, that are assimilated in few parameters into the reaction model. The adoption of 
a model has to be justified not only from a “goodness of fit” point of view but also 
from the adsorption process mechanism [153]. The classification of adsorption kinetic 
models is reported in Figure 29. 
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Figure 29 - Classification of the kinetic model of adsorption 

In this work, a pseudo-second-order kinetic, [154,155] was adopted to fit the 
experimental data. The linearized equation is the following:  
 

𝑐𝑐
𝑞𝑞𝑏𝑏

=
1
ℎ

+
1
𝑞𝑞𝑏𝑏
𝑐𝑐 Equation 9 

 
where 𝑞𝑞𝑏𝑏 is the amount of adsorbate (mg cm–2) at equilibrium, 𝑞𝑞𝑏𝑏 is the amount of 
adsorbate (mg cm–2) at any time t, and h is the initial adsorption rate (mg cm–2 min−1) 
as 𝑞𝑞𝑏𝑏/𝑐𝑐 approaches 0. In Equation 9, the pseudo-second-order model constants can be 
determined experimentally by plotting 𝑏𝑏

𝑞𝑞𝑡𝑡
 against t. 

In order to quantify the enhanced kinetics of adsorption in the presence of an electric 
field, ε, the differential kinetic removal index has been introduced. It accounts for the 
different rate of adsorption with and without the application of the electric field. It is 
evaluated as follows: 
 

𝜀𝜀 =
ℎ𝐻𝐻𝑉𝑉 − ℎ𝑎𝑎𝑎𝑎𝑏𝑏

ℎ𝑎𝑎𝑎𝑎𝑏𝑏
 Equation 10 

2.2.3 Results 

2.2.3.1 By-products generation 
Table 21 shows the amounts of nitrogen as nitrites and nitrates accumulated on 

the adsorptive sample, resulted from the analysis of the sample leaching liquor, and 
the amount of nitrogen dioxide and ozone generated during the test at various electrical 
potential applied.  

 
Table 21 - Nitrites and nitrates in the ACC extraction liquor and NO2, O3 concentration in 

air during 90min of test 

Applied voltage 
Extracted liquor  Air 

NO2- NO3-   NO2 O3 
kV µmol µmol   µmol µmol 
0 0.00 0.00   0.02 0.00 
3 0.00 0.02   0.02 0.01 
7 0.25 0.24   0.14 0.07 
11 0.69 0.17   0.35 0.41 
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It is possible to observe from Table 21 that, by increasing the applied electrical 
potential, the concentrations of ozone and nitrogen dioxide generated within the test 
box increases, jointly with the amount of nitrites and nitrates found in the leached ACC 
sample liquor. 
However, the adsorption of some species generated by the corona-discharge, (as NOx, 
initially present in environmental concentrations) can play an important role into 
limiting the capacity of the adsorbent, while ozone may introduce functional groups 
on the adsorbent surface. 

2.2.3.2 Adsorbent modification 

SEM morphology 
The SEM pictures of the untreated and treated ACC are shown in Figure 30. It 

is observed that the surface of the ACC after the process is similar as it was before the 
application of the electric field.  

 
0kV 7kV 

  
 

 

 

 

 

 

 
Figure 30 - SEM pictures of the ACC before and after the application of 7kV for 3 hours  

20µm 

2 µm 

5µm 
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Kodama [143] reported that activated carbon was etched by the DBD treatment: while 
the total surface area was decreased, a little increase in macropore was observed, while 
for Srinivasan et al. [156] functionalization does not affect the morphological 
properties of the activated carbon but it only increases the functional groups on its 
surface. This is in accordance with our results, where it is difficult to distinguish a clear 
difference in the morphology between the activated carbon sample before and after the 
application of the electric potential to the discharge electrode. 

Boehm titration 
The functional groups present on the ACC surface are involved in acid-base 

equilibrium. According to the data reported in Table 22, regarding the content of 
surface oxygen groups obtained to the Boehm’s method, it is shown that the pristine 
ACC does not contain carboxyl groups and that the total number of the acidic group 
increases with increasing the applied potential.  
 

Table 22 – Functional groups determined by titration 

  Amount [mmol g-1] 
 Functional group 0kV 3kV 7kV 
 Carboxylic 0.0 22.8 14.5 
 Lactonic 0.0 2.3 11.8 
 Phenolic 51.0 47.3 60.6 
 Total acidic groups 51.0 72.3 86.9 

 
The amount of phenol functional groups constitutes approximately a half of the total 
amount of all functional groups; carboxylic and lactone are found in the treated 
samples only  

 

Figure 31 – Amount of functional groups determined by titration  

Electrical resistivity 
The module of the complex impedance, measured at different frequencies, is 

reported in Figure 32.  
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Figure 32 – Impedance module vs. frequency for the ACC samples, under different applied 

potential (0kV, 3kV, and 7kV). 

All ACC samples show only a resistive behavior in the 10-10000Hz range. The outlier 
at 50Hz is due to the interference with the electric line. Treated samples exhibit a 
purely resistive behavior and an increase of the electrical resistivity from 9.77 kΩcm 
to 24.0 kΩcm for the 3kV-treated sample and 62.7kΩcm for the 7kV-treated sample. 
This change can be attributable to the formation of functional groups that alter the 
electron mobility within the carbon structure. 

FTIR analysis 
Fourier Transform Infrared Spectrometry (FTIR) is a technique to obtain 

structure information of a molecule, due to the specific molecular vibrational 
spectrum. As some functional groups can be detected by FTIR spectroscopy, FTIR 
spectra of the synthesized ACC are presented in Figure 33. The spectra were acquired 
in the 500 – 3000nm interval, but only the 500-1750nm region has been reported.  
 

 
Figure 33 - FTIR spectra of the ACC samples, under different applied potential (0kV, 3kV, 

and 7kV). 
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Barkauskas and Dervinyte [157], investigated a batch of 20 different activated carbon 
in order to correlate the number of functional groups determined by Boehm titration 
with the peaks in the FTIR reflectance spectra. By comparing the obtained spectra with 
their results and with the available literature, it is possible to identify several peaks, 
which can be correlated with the acidic group, previously determined by Boehm 
titration. The peak at 1710 cm-1 is generally linked to a carboxylic C=O stretch, and it 
has been found to increase with the electric field intensity, as well as other smaller 
peaks at 1690 cm-1, due to the phenolic groups and at 1630 and 1510 cm-1 due to 
lactone functional groups [157].  

Raman Spectroscopy 
Two main bands at ∼1600 cm−1  and ∼1350cm−1 are attributed to the G and D 

band of the carbon structure, respectively. In particular, Ferrari and Robertson have 
suggested that the G and D peaks are due to sp2 vibration. In particular, the G-band is 
due to the bond stretching of all pairs of sp2 atoms, while the D-band is attributed to 
the of sp2 breathing modes of atoms in rings [158]. The sample subjected to the 
treatment shows the G-band shifted. A similar result was observed by Lota et al., who 
exposed an activated carbon to ozone [159]. This trend may be explained by the loss 
of C bonded in rings and the formation of chains due to the incorporation of oxygen 
and nitrogen atoms, which is consistent with the previous FTIR and Bohem titration 
results. 

 
Figure 34 – Raman spectra of the ACC samples, with and without the applied electric field 

The intensities ratio of the D and G bands, characteristics of carbonaceous 
materials, (ID/IG) is an important parameter to estimate the structural disorder of carbon 
sheets. The intensity ratios of the analyzed samples are 3.40, and 3.32 respectively. 
The lower ID/IG ratio of the treated ACC may suggest the amorphization of the carbon, 
as reported in the three-stage model reported by Ferrari and Robertson [158]. 

 
Table 23 – Results of the peak fitting with Lorentzian function. 

 D band G band 
ID/IG  Peak center FWHM Height Peak center FWHM Height 

0kV 1345 199 1.58 1601 81 1.15 3.40 
7kV 1348 184 1.60 1611 75 1.17 3.32 
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EDX analysis 
Figure 35 shows the EDX results for the ACC specimens before and after the 

process. It is possible to notice a slight increase of the nitrogen amount, probably due 
to the adsorbed NO2 (Section 2.3.3) and dissociated in nitrates, due to the moisture 
present in the sample, as the physical-only adsorbed species are likely to be degassed 
during the operation of the SEM-EDX apparatus. This trend is consistent with the 
amount of nitrogen-containing species leached by ultrapure water, previously reported 
in Table 21. 

 
Figure 35 - EDX results for the ACC before and after the treatment 

2.2.3.3 Enhanced transport of charged/neutral species 

Effect of the ionic wind 
Different horizontal air velocities (u) have been obtained by varying the voltage 

applied to the fan. In Figure 36 is reported the linear correlation between these two 
variables 

 
Figure 36 - Correlation between the voltage applied to the fan and horizontal air velocity 

measured 

The vertical air velocity component (v) has been measured, just below where the 
sample is placed, by using at its place a metallic net as a grounded electrode. By 
varying both the fan speed, and the applied potential, measurements have been 
performed, and they are represented by the black dots in Figure 37. The surface is a 
piecewise cubic interpolant, normalized by the mean value of the two independent 
variables. It is possible to observe how the vertical velocity component depends on the 
intensity of the applied potential to the discharge electrode, but also the fan speed. 
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Figure 37 - 3D fit (a) and contours plot (b) of the vertical wind speed, as both function of the 

horizontal applied speed and potential. 

In the absence of the horizontal air flux (with the fan switched off), or with a low 
speed, the experimental values of v follow the equation proposed by Boeuf (Equation 
6). By merging Equation 6 with Equation 7, reported in Paragraph 2.2.1.4, it is possible 
to obtain Equation 11, which has been used to fit the experimental data: 
 

𝑣𝑣 = 𝛼𝛼�𝑉𝑉(𝑉𝑉 − 𝑉𝑉0) Equation 11 

 

In which α, the pre-square root factor, takes into account all the constants, and it 
depends on the electrode geometry, the ion mobility, the electrode gap, and V0 is the 
corona onset voltage. 
 

 
Figure 38 - Experimental (blue dots) and fitted values (grey lines)  

 

Fitted values are reported in Table 24. Two trends are observable: a slight increase of 
the α and the corona onset voltage. The latter one, in particular, increases of about 2kV 
for an increase of the airspeed of 0.4m/s.  
 

Table 24 - Fitted values of the Equation 10 

u (m/s) α V0 (kV) R2 
0.00 0.19 3.84 0.9447 
0.10 0.20 4.21 0.9714 
0.42 0.22 5.50 0.9946 
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When the horizontal air velocity exceeds the 0.42 m/s, the transition between laminar 
and turbulent flow takes place. For flow over a flat plate, it is reported that transition 
occurs when Reynolds number should exceed 50,000. In the present case, the transition 
occurs earlier, at 11,200 because of the superficial irregularities presented by the metal 
grid. Similar behavior is expected to be present with the ACC, because of its high 
surface roughness. This aspect is also observed experimentally by the experimental 
points at a lower potential than the corona onset voltage (V<V0), which possess a 
higher vertical velocity, even a priori the ionic wind formation, due to the turbulence 
eddy. In Figure 39 are reported the experimental data, at u=1.80m/s, and, on the 
background, is reported the fit at u=0. 
 

 
Figure 39 - Comparison between the experimental data at u=1.8m/s (blue dots) and the fit at 

u=0 (grey line). 

Effect of the adsorptive 
The differential kinetic removal index, evaluated by using Equation 10, in 

paragraph 2.2.2.2, was plotted against the specific heat of fusion of selected organic 
compounds. Figure 40 shows that the kinetics of adsorption of the organic compounds 
tested, under an external applied electric field, it is faster compared to the one in the 
absence of the electric field. This implies a positive ε, according to Equation 10.  
A linear correlation fits the experimental data at different applied potentials, with the 
specific heat of fusion of the adsorptive; in particular, organic compounds having a 
low specific heat of fusion are more subject to such enhancement. 

 
Figure 40 - Plot of the differential kinetic removal index versus the specific heat of fusion of 

tested organic compounds. 
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Considering a linear relation between the angular coefficient of the interpolant 
line and the applied potential, and by its substitution into the experimental relation 
found, the following interpolant function was determined and plotted in Figure 41. 

 
𝜀𝜀(𝜆𝜆,Δ) = 𝑐𝑐𝜆𝜆Δ + 𝑏𝑏𝜆𝜆 + 𝑐𝑐Δ + 𝑑𝑑 Equation 12 

Where 𝜆𝜆 is the specific heat of fusion, Δ is the applied potential and a, b, c, d are 
experimental coefficients. Cyclohexane kinetic at 7 kV was not included into the 
model. Fitted parameters are reported inTable 25. 

 
Table 25 - Fitted parameters for the Equation 12. 

Coefficients Fitted value 
a −19.31 
b 57.36 
c 2.544 
d −7.394 

Goodness of fit  
SSE* 1.336 

R-square 0.9883 
* The sum of squares due to error (SSE); § Root mean squared error (RMSE) 

 
(a) 

 
(b) 

 
(c) 

Figure 41 - Fitted model; contour plot (a), main plot (b), residuals plot (c). 

In order to assess the long-term adsorption performance, in another test, the same 
amount of Methyl Ethyl Ketone (MEK, 30 µL) was injected inside the box every 60 
min for seven times. Collected data were treated as previously described. Results are 
reported in Figure 42. Fitted parameters show that the adsorption rate under the electric 
field initially doubled the one without the electric field and decreased in subsequent 
tests (Figure 42-a). Moreover, the amount of adsorbate decreases slightly faster in the 
presence of the electric field (Figure 42-b). 
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Figure 42 - Variation of the adsorption parameter for subsequent injection of MEK: (a) h, 
initial adsorption rate and (b) qe, amount of adsorbate at t=60min with and without the 

application of an external electric field. 

Effect of the adsorbent 
Water vapor isotherms have been used to estimate the internal surface area and 

the pore size distribution. All samples, except for FAC and Z, exhibit a hysteresis 
between adsorption and desorption isotherms. The silica (S), activated carbon (AC) 
and alumina (A) isotherms have a low-pressure region convex to the pressure axis and 
a high-pressure concave region. These three adsorbent possess the highest water vapor 
adsorption capacity. Their shapes are a Type IV isotherm, typical for mesoporous 
solids, in which the adsorption is a multilayer. The hysteresis is related to the capillary 
condensation and the limiting uptake for high p/p0. 
 

 
Figure 43 – Water vapor isotherm (a) and pore distribution (b) of the tested adsorbent 

Figure 44 reports the MEK adsorption kinetic by the different adsorbent, with 
and without an applied electric field. Most of the adsorbents tested show an 
enhancement of the removal rate in the presence of the electric field. Only fly ashes 
(FAC, FAB) which are characterized by low capacity, were not affected by the electric 
field. For alumina (A), silica (S) and montmorillonite (M), the kinetics of adsorption 

a b 

a b 
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is lower, if compared to the one with activated carbon (AC), but they are all 
dramatically increased by the application of the electric field. 

 
 

 
Figure 44 – Kinetic of MEK adsorption onto six different adsorbents, with and without the 

application of an electric field. 

Ozone production, due to the corona discharge, was as well monitored. The 
ability to limit the release of ozone by the adsorbent is related to its chemical and 
physical structure. Figure 45 shows the concentration of ozone, measured in air, with 
different adsorbents. Activated carbon is known to decompose ozone into oxygen, 
for this reason, it has been often coupled downstream of an electrostatic 
precipitator, in order to limit the release of ozone. As well alumina is capable of 
decomposing O3 into O2 [160], and the activity of clay minerals in removing O3 
has been previously investigated [161]. 

 

 
Figure 45 - Ozone concentration measured with different adsorbent 
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2.2.4 Discussion 

2.2.4.1 O3 and NO2 generation 
The corona discharge produces ozone. Ozone, by itself, it is considered a 

pollutant, but its production can be mitigated by using a proper adsorbent material. 
The destruction of O3 by activated carbon is a process which happens at the molecular 
scale, involving the opening of the carbon rings into carboxylic and other functional 
groups [162]. This effect does not modify the overall morphology of the activated 
carbon but only its surface chemistry, by increasing the number of acid functional 
groups and making more favorable the adsorption of polar compounds. 

NO and NO2 are, as well, produced by the corona discharge. These nitrogen 
compounds can play a negative role in limiting the capacity (because of the 
competitive adsorption against a target compound). This aspect has been confirmed by 
the presence of nitrites and nitrates in the sample washing liquor, and their amount is 
proportional to the exposure time and the ozone produced. 

O3 and NOx production depends, primarily, on the voltage applied to the 
discharge electrode and, secondly, on the electrode geometry. The production of O3 
may be used, as well, to destroy or inactivate numerous bacteria present on the 
adsorbent media [104,105].  
No production of CO2 and CO was measured during the tests with the VOC; this 
indicates an absence (even partial) of the mineralization of the initially injected organic 
compounds. 

2.2.4.2 Surface functionalization 
Ozone plays an important role in the functionalization of the activated carbon. 

Raman and FTIR spectroscopies indicate, respectively, the loss of carbon bonded in 
rings with the formation of functional groups. Carboxylic, lactone and phenolic groups 
were also quantified by Boehm titration. This superficial alteration also has 
repercussions on the distribution of free charges, which are more constrained, 
increasing the electrical resistivity of the material. 

2.2.4.3 Enhanced mass transport by ionic wind 
The migration of the positive charged molecules and particles toward the 

collecting electrode results in an ionic wind, in which neutral particles are involved as 
well. In this study, this aspect has been considered to be the main process involved in 
the enhanced adsorption of VOC in the presence of an electric field. However, this 
effect starts only if the corona applied voltage is greater than the corona onset voltage, 
and it is dependent, to the air velocity perpendicular to the electric field.  
The choice of different adsorbent materials has shown that the increase in efficiency 
is mainly kinetic: unconventional adsorbent materials, characterized by low capacities, 
do not benefit from the application of an electric field, while for long-established 
adsorbent materials, characterized by large capacity, the adsorption rate is drastically 
increased. 
 Since only the first layer of adsorbed molecules are in contact with the 
adsorbent, and the other layers are in contact with other adsorbates molecules only, a 
general assumption is that the evaporation-condensation properties of the molecules in 
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the second and higher adsorbed layers are the same as if the adsorbate would be in the 
liquid state. Since van der Walls forces are characterized by a short range of action, 
they are almost depleted after the first adsorbed layer, so all the other layers are bonded 
mainly by cohesion forces between the molecules. These forces, having an 
electrostatic nature, can be altered by the presence of an external electric field, 
favoring, or inhibiting, the adsorption. The correlation found suggests that VOC 
having the lower specific heat of fusion are positively affected by the electric field, 
probably because of the stronger induced electrostatic force. 

In conclusion, the model should include both physical and chemical processes 
affecting the adsorptive, the adsorbate and the adsorbent. Figure 46 schematize the 
possible mechanism which can affect the process. 
 

 
Figure 46 – Schematization of the possible phenomena occurring when coupling an electric 

field with the adsorption process 
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Coupling a photocatalyst with an adsorbent material is a common 
technique to improve photocatalysis. Because there are numerous 
studies in the literature on the subject, in this paragraph only a few 
highlights, focused on a specific goal, have been discussed: 
• Lower the cost. In paragraph 2.3.1.1 has been reported a 

facile route for coating silica with TiO2, starting from metallic 
titanium powder. Both constituents may be of non-lab grade 
or recovered.  

• Enhance photocatalysis. Combining TiO2 with carbonaceous 
nanomaterials makes it possible to increase photocatalytic 
activity. The effect of using different allotropes of carbon has 
been investigated in paragraph 2.3.1.2. 

• Tailor a nanocomposite. Differing from the first point, the 
realization of a nanostructured composite is essential to 
understand the mechanisms that take place at the molecular 
scale. For this reason, a TiO2/carbon nanowall composite has 
been realized and studied in paragraph 2.3.1.3. 

• Simplicity. Given the previously described results, to simplify 
the production of such adsorbent/photocatalytic composite, it 
was decided to utilize an activated carbon cloth on which a 
commercially available TiO2 (P25, often used as a reference), 
was deposited by simple impregnation, in paragraph 2.3.1.4. 

 
2.3 Photocatalysis and Adsorption 

2.3.1 Introduction 
The adsorption of pollutants onto the photocatalyst surface plays a critical role 

in the efficacy of photocatalytic oxidation technology for air purification applications. 
For this reason, embedding a photocatalyst onto the surface of an adsorbent is reported 
to be a strategy to enhance the overall photocatalytic reaction performance. Rapid 
reactions may be achieved by using porous catalyst support, offering a high density of 
active surface sites and fast molecular transport to/from these. Moreover, as the 
photocatalytic activity takes place only on the titania surface, its required amount can 
be significantly lowered by coating porous materials, as silica [163–165] zeolite 
[92,166–168], clays [169–172], activated carbon [173–177]. Due to the large extent of 
photocatalyst/adsorbent composites, in this study, only a few of them were 
synthesized, characterized and studied.  

2.3.1.1 A low-cost Silica/Titania composite 
The most adopted method [163,165,178–182] to obtain a controlled growth of 

spherical silica particles of uniform size was reported by Stöber et al. (1968) [183]. 
However, the use of tetraethylorthosilicate (TEOS) as silica precursor constitutes a 
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limitation for large-scale production. Similarly, titanium precursors as titanium 
isopropoxide (TTIP)[163,179,181,184,185], tetrabutyl orthotitanate (TBOT) 
[165,178,185,186], titanyl sulphate (TiOSO4) [179,180], titanium tetrachloride (TiCl4) 
[187,188], titanium(III) trichloride (TiCl3) [184] are unsuitable as well, due to their 
cost or difficulty in the preparation method. Few authors have investigated different 
methods for obtaining a cost-effective composite, by using sodium silicate [188,189], 
commercial silica [184,190] or a commercial TiO2 P25 [64,189]. A short literature 
review is reported in Table 26. 
 

Table 26 - Precursors and surface area of many silica/titanium composites reported in the 
literature 

Authors Year 
Precursor Surface area Ref. 

Silica Titanium m2/g  

This study 2016 Silica Ti 210 - 314  

Wang L. & Jiang Z. 2016 SS/TEOS TiCl4 533 – 605* [188] 
Paušová Š. Et al 2014 Silica TiCl4  [187] 

Dong W. et al. 2007 TEOS TTIP 20 – 269$,T [185] 
Smitha V. S. et al 2010 TEOS TiOSO4 100 - 216  [182] 
Alaoui O. T.et al. 2009 SS TiO2 P25  [189] 
Houmard M. et al. 2007 TEOS TTIP  [181] 

Guan K. 2005 TEOS TBOT  [165] 
Hirano M. et al. 2004 TEOS TiOSO4 5 - 180 T [179] 
Hirano M. et al. 2004 Silica TiOSO4 533 – 703$ [190] 

Hirano M. & Ota K.  2004 SS/TEOS TiOSO4/TTIP 58 - 1123  [180] 
Guan K. et al. 2003 TEOS TBOT 73 – 308$ [178] 

Yu J. et al. 2001 TEOS TBOT  [186] 
Montes M. et al. 1997 Silica/TEOS TiCl3/TTIP 55 – 332T [184] 

Anderson C. & Bard A. 1995 TEOS TTIP 200 – 430$ [163] 
*Depending on the Silica precursor; $ Depending on Si/Ti ratio; T Depending on temperature synthesis 

2.3.1.2 The effect of Carbon type on Titania/Carbon composites 
Nanostructured photocatalysts present several distinct advantages, compared 

to their bulk counterparts, because of their enhanced electronic conductivity, better 
stability, increased number of active sited and improved reaction kinetics [191–194]. 
Conventional carbonaceous materials such as carbon black, activated carbon, graphite, 
and graphitized materials have been extensively used in heterogeneous catalysis. Only 
in the last decades, the discovery of new nanostructured materials, such as carbon 
nanotubes, carbon nanowalls, fullerenes, and graphene have laid the foundations for a 
new line of research.  

The adsorption of pollutants onto the photocatalyst surface plays a critical role 
in the efficacy of photocatalytic oxidation technology for air purification applications. 
For this reason, embedding a photocatalyst onto the surface of an adsorbent is reported 
to be a strategy to enhance the overall photocatalytic performance. Rapid reactions 
may be achieved by using porous catalyst support, offering a high density of active 
surface sites and fast molecular transport to/from these. Moreover, as the 
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photocatalytic activity takes place only on the titania surface, its required amount can 
be significantly lowered by coating porous materials, as silica [163–165] zeolite 
[92,166–168], clays [169–172], activated carbon [173–177]. Due to the large extent of 
photocatalyst/adsorbent composites, in this study, only a few of them were 
synthesized, characterized and studied.  

2.3.1.3 Tailoring a nanocomposite: Carbon nanowall/Titania composite 
A tailored nanostructured composite can hardly find the application on a real 

scale for environmental applications because of its high costs; however, its realization 
is necessary to study the mechanisms occurring at a nanometric scale. 

In the last decade, hybrid catalysts based on both doped-carbon materials and 
transition metals compounds have received particular attention [194–197]. The 
nanoscale feature dimensions of catalysts are responsible for the very different 
properties of nano-engineered catalysts compared to their bulk counterparts, because 
of their enhanced electronic conductivity, better stability, increased number of active 
sited and improved reaction kinetics [191–194].  

Carbon nanowalls are open boundaries, vertically-oriented few-layer graphene 
sheets [198–200]. They can grow on a substrate. For almost 20 years, scientific 
community interests in this type of nanostructures, because they can be used as field 
electron emitters [199], catalyst supports/templates [201], gas storage materials, 
hydrophobic coating, sensing media, capacitor, heat sink, electrodes [202] , filter, and 
bio-sensor [203,204].  

Boron-doped carbon nanowalls attract attention thanks to their tunable band gap, 
high conductivity, high mechanical robustness, high absorption. To achieve a 
particular morphology and characteristic, it is possible to vary the synthesis 
parameters, like a level of boron doping, heating temperature, plasma intensity, 
substrate, deposition time and gas precursor. 

Titanium dioxide photocatalysis enthusiasm was driven by the extensively cited 
publication of Fujishima and Honda [90], even if the study of light-driven reaction at 
semiconductor surfaces was already known [93]. However, due to long-term catalyst 
stability problems, the scientific interest decreased. Photocatalytic oxidation (PCO) 
over TiO2 is nowadays widely reported as a promising technique for decomposition of 
various hazardous compounds, among energy applications and synthesis of various 
compounds. The formation of the electron/hole couple on the catalyst surface induces 
the formation of active species, such as OH radicals, and reactive oxygen species 
(ROS) that take part in the oxidative process. However, the enhancement of the 
photocatalytic efficiency of TiO2 is still of current interest, because of the low quantum 
yield caused by the rapid recombination of photogenerated electrons and holes. A 
commonly adopted method is to form a heterojunction which can enhance the 
separation of the carriers. To date, only one attempt by Wang et al. is reported in the 
literature to realize a TiO2/carbon nanowall composite [205]. Moreover, the possibility 
of doping the carbon nanowall with boron allows adding a further degree of freedom 
in creating a carbonaceous substrate having a predetermined bandgap and electrical 
conductivity. 

Since carbon nanowalls can be considered as intermediate between this cited 
material, because of being constituted of free-standing, vertical aligned, graphene 
sheets, it is possible to imagine that they possess, as well, improved photocatalytic 
activity.  
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 In this study, TiO2 was deposited, by a simple sol-gel technique, on B-CNW 
grown, by microwave-plasma-enhanced chemical vapor deposition, on fused quartz 
glass. Boron doping in the CNW and CNW layer thickness was varied, in order to 
study the impact on the optical and photocatalytic properties. To our best knowledge, 
this is the first study in which TiO2 was deposited on boron-doped carbon nanowalls.  

2.3.1.4 A simple activated carbon cloth/titania composite 
Due to its simplicity, the impregnation method is often used for the preparation 

of catalysts. In wet impregnation the support material, the activated carbon cloth 
(ACC), is brought into contact with a solution containing the metal precursors, or the 
metal oxide itself; after removing the solvent, the final catalyst is obtained. 

In this section, an activated carbon cloth was characterized, and P25 titanium 
dioxide was deposited on the surface by a simple wet impregnation method, using 
water as a solvent. Graphene oxide is added with the aim of increasing the electrical 
conductivity and enhances the photocatalytic activity of TiO2. As this composite is the 
one that will be used in the final combined process, results of the photocatalytic tests 
are reported in Paragraph 2.5. 

2.3.2 Materials and Methods 

2.3.2.1 Silica/Titania composites 
A total of six samples, with different TiO2 concentration, were prepared using 

two different methods. SiO2- Silica gel (Carlo Erba Reagents Silica gel 60A 6 - 35μm) 
was used as purchased. TiO2 – AEROXIDE P25® is a fine white powder with 
hydrophilic character caused by hydroxyl groups on the surface. It consists of 
aggregated primary particles, having a mean diameter of approximate 21 nm, which 
are several hundred nm in size. Their size and density of about 4 g/cm³ lead to a 
specific surface area (BET) of approx. 50±15 m2/g. Titanium metal powder (325 
mesh, 99.9% purity) was provided by Metalpolveri Srl. 

Simple impregnation method (W) 
A determined amount of TiO2 was dispersed in 230g of ultrapure water and 

sonicated for one hour. Ten grams of silica was added to the solution and sonicated for 
another hour. Subsequently, the solution was mechanically stirred for two hours, 
vacuum filtered and oven-dried at 105°C for 24h. 

High-temperature hydrolysis method (A) 
Several samples of photoactive materials were obtained by the method of high-

temperature hydrolysis of titanium precursors with the formation of titanium dioxide 
and its deposition on the matrix. For the preparation of the precursor, titanium powder 
has been dissolved in concentrated sulfuric acid. The resulting solution of titanium 
sulfate was filtered, hydrolyzed with water, and mixed with silica. The mixture was 
dried in a fume cupboard for 2 hours and calcinated at 600°C for 3 hours. In order to 
vary the sample titanium dioxide content, different solutions were prepared (see Table 
27). 
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Table 27 - SiO2/TiO2 composites description 

Sample name Type of 
Treatment 

SiO2 Ti (m) TiO2 

(P25) 
Estimated 

TiO2 amount 
g g g  

A3 
A 

10 0.40 - 3% 
A7 10 0.95 - 7% 

A12 10 1.63 - 12% 
W3 

W 
10 - 0.30 3% 

W7 10 - 0.70 7% 
W12 10 - 1.20 12% 

Microscopy and XRD analysis 
Pictures of every sample have been obtained by using a Keyence Digital 

Microscope, VHX-5000 series, jointly with a VH-Z100T Wide-range Zoom Lens 
(100-1000X). SEM was performed with a Sirion200 Field-emission Scanning Electron 
Microscopy. 
X-ray diffractometric analysis was performed using a Philips PW 1730 X-ray 
diffractometer. The XRD spectrum was taken from 5.0 to 50.0 2θ. The peaks in the 
new positions of the spectrum were marked, compared and identified. 

Measurement of water vapor adsorption  
Adsorption kinetics and isotherms of testing samples on water vapor were 

carried out in a constant temperature and humidity chamber. The chamber can supply 
constant air condition with deviations of ±0.5oC for temperature and ±3% for relative 
humidity. Before each test, samples were dried at 150oC in an oven for 4 hours. 
Weights of the samples were recorded at set intervals by an electronic balance with an 
accuracy of 0.001g. 
To fit the experimental data, a pseudo-second-order kinetic, as described reported in 
Equation 9, was adopted [24].  

Measurement of texture property 
Texture properties such as surface area, pore volume, pore size distribution 

were tested and analyzed by an Accelerated Surface Area and Porosimetry System 
(ASAP2020). The system utilizes the static volumetric technique to obtain nitrogen 
adsorption/desorption isotherms at liquid nitrogen temperature. Surface area is 
calculated based on the BET (Brunauer-Emmett-Teller) equation, and pore size 
distributions are obtained according to the BJH (Barrett-Joyner-Halenda) theory. The 
experimental error of the ASAP apparatus is mainly caused by temperature and 
pressure transducers. The accuracy of the temperature transducer is ±0.02°C, while for 
pressure is about 0.1%.  

NOx removal 
The experimental apparatus is illustrated in Figure 1. The reactor has a volume 

of 3L, and it consists of a Pyrex glass cylinder. Inside is positioned a thin aluminum 
plate on which is placed the powder sample.  
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The UV lamp is located at the center of the reactor, over the sample, outside the reactor. 
The lamp is a UVA metal-halogen quartz lamp with mercury vapor, peak at 360 nm 
and adsorbed power of 400 W. Irradiance, which was measured with a 
photoradiometer Delta Ohm HD2102.2, is kept constant at 20W/m2. The probe of the 
photoradiometer is centered in the field of UVA with a resolution of 0.001 W/m2. 
The NOx flux inside the reactor is kept constant with a permeation and dilution system 
(Calibrator 8188) which is alimented with a NOx tank (499ppb NO) at 430±25 ppbNO. 
Dilution is obtained by mixing with atmospheric air at room temperature (293K ±2K) 
and relative humidity between 40-60%. NOx concentrations are determined using a 
chemiluminescent analyzer (Monitor Labs, Nitrogen oxides analyzer model 8841). 

 
Figure 47- Schematic representation of the reactor used to determine the photocatalytic 

activity in NOx removal. 

Concentrations were monitored during dark and UV-light conditions. NO, and NOx 
reduction efficiency weres evaluated as follow: 
 

NO removal =
S
S0

NOdark − NOlight

NOdark  Equation 13 

NOx removal =  
S
S0

NOx
dark − NOx

light

NOx
dark  

Equation 14 

 
 

Where 𝑁𝑁𝑂𝑂𝑎𝑎𝑎𝑎𝑏𝑏𝑑𝑑,  𝑁𝑁𝑂𝑂𝑥𝑥𝑎𝑎𝑎𝑎𝑏𝑏𝑑𝑑 are the initial concentrations of NO and NOx in dark 
condition, 𝑁𝑁𝑂𝑂𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑏𝑏, 𝑁𝑁𝑂𝑂𝑥𝑥

𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑏𝑏  are the concentration of NO and NOx while the UV light 
is turned on, and S

S0
 is the ratio between the powder surface and the sample dimensions. 

MEK removal 
Methyl-ethyl-ketone (MEK) oxidation experiments have been carried out in a 

batch reactor. The scheme of the reactor is reported in Figure 48. 
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Figure 48 - Schematic representation of the reactor used for the MEK removal efficiency in 
the batch test. 

The photocatalytic reactor consists of a glass chamber having a total volume of about 
1.05L. Inside the reactor is present a UV LED with a peak at 365nm and adsorbed 
power of 1W. The distance between the LED and the sample was taken according to 
the value of irradiance fixed at 7W/m2.  Magnetic stirring can guarantee continuous air 
recirculation. The temperature was kept constant by immersing the reactor in a 
thermostatic bath. The sample used as the powder is placed into a glass watch, below 
the LED. Air samples inside the box are collected and analyzed by a photoacoustic 
transducer system (Briiel and Kjaer Multi-gas Monitor Type 1302). 
The initial amount of MEK injected into the test box is 5µL. Data collection starts 
30sec after the initial injection, in order to account the full vaporization of MEK. 
The test is conducted in dark and UV-light condition for every sample. Collected data 
was treated as apparent second-order kinetics, by using Equation 9. 

2.3.2.2 Carbonaceous nanomaterials/Titania composites 
Five different carbon materials have been chosen: Graphite (G), Carbon Black 

(CB), Graphene Oxide (GO), Activated Carbon (CA) and Carbon Nanowalls (CNW); 
three of these, GO, CB, and CNW were already available in powder.  

Deposition of TiO2 by sol-gel method 
By using a mortar, G and AC were crushed. All the materials were screened 

through a 0.075 mm sieve. Subsequently, an equal amount of 10 mg of each carbon 
powder was taken and suspended in Dimethyl sulfoxide (DMSO). The mixing was 
performed maintaining a constant ratio for each sample equal to 1 ml of DMSO for 
every 10 mg of carbonaceous particles. Except for GO, the remaining samples were 
poorly dispersed. 

An organic precursor of TiO2 in liquid phase, obtained using titanium (IV) tetra 
(2-propanolate), propan-2-ol, Triton X100 and hydrochloric acid (37%), prepared 
according to the publication of Lewkowicz et al. [206] was poured into five empty 
glass flasks; for each glass flask, 1 ml of TiO2-sol was added. 
The five previously prepared dispersion (CNW/DMSO, AC/DMSO, G/DMSO, 
GO/DMSO, CB/DMSO) was finally added to the glass bottles containing the TiO2-
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precursor in order to obtain solutions with different DMSO-carbon/TiO2 precursor 
ratios of 0.1, 0.2 and 0.4 (v/v).  
In addition to the five solutions so-obtained, a sixth sample was prepared without 
carbon, but with the same volume ratio of DMSO in TiO2, as a reference. 
The so-obtained solutions (CNW/TiO2, AC/TiO2, G/TiO2, GO/TiO2, CB/TiO2 and 
pure TiO2) were sealed with parafilm and sonicated for 30 minutes with the aim of 
favoring the dispersion of carbon particles in the solvent. Subsequently, each parafilm-
cap has been punctured, in order to start the gelation process for 24 hours, with having 
the sol in contact with air. Subsequently, six laboratory slides were firstly immersed 
in a piranha solution (H2SO4: H2O2 = 4:1) with the aim of modifying the glass surface 
and favoring the uniform dispersion of the prepared carbon-TiO2 solutions. Then, the 
slides were dried in the oven at a temperature of 105 ° C for 1h. 
0.25ml of each solution was spin-coated on the glasses, at a determined speed and 
duration, in order to To disperse the carbon-TiO2 solutions uniformly on the surface 
of the laboratory slides. 
The glass slides were then placed in an electric muffle furnace and annealed at 450 °C 
for 6 hours, at a heating rate of 5°C for a minute. 

UV-visible spectroscopy 
UV-vis spectroscopy was measured by a double beam spectrophotometer (UV-

9000 Metash, China) in the 200-1000nm range, with a scan step of 1 nm and a scan 
filter of 10. 
In order to evaluate the band gap energy (Eg) of the samples, (αhν)n were plotted 
against the photon energy (hν), according to the well-known relation [15]: 
 

(𝛼𝛼ℎ𝜈𝜈)𝑏𝑏 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝑙𝑙) Equation 15 

Where A is a constant, hν is the photon energy, and n depends on the type of allowed 
transition in the material. It has a value equal to 1/2, 2, 3/2 for direct allowed 
transitions, indirect allowed transitions, and direct forbidden transitions respectively. 

2.3.2.3 Carbon nanowall/Titania composite 

Carbon nanowall growth 
B-CNW was synthesized using the MicroWave Plasma Enhanced Chemical 

Vapor Deposition (MWPECVD) system (SEKI Technotron AX5400S, Japan). The 
base pressure inside the chamber was 10–4 Torr. Several B-CNW films have been 
fabricated using the following process conditions: gas mixtures H2, CH4, B2H6, and N2 
with a total flow of 328 sccm; process pressure of 50 Torr; microwave power up to 
1300 W; microwave radiation of 2.45 GHz. For boron-doped samples was used 
diborane (B2H6) as an acceptor precursor. During the process, the substrate holder was 
heated up to 700◦C. B-CNW thin films were grown on fused silica, optical grade, 
substrates (Continental Trade Sp.z.o.o.), before pre-treated by using the same 
MWPECVD in a hydrogen-rich atmosphere, at 500◦C, 1000W microwave power. 
Subsequently, substrates were seeded by spin-coating in the diamond slurry [207]. 
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TiO2 sol-gel deposition 
Titanium(IV) tetra(2-propanolate), propan-2-ol, poly(ethylene glycol), Triton 

X-100 and pentane-2,4-dione were of analytical grade, and they were purchased from 
Sigma–Aldrich (Germany). Hydrochloric acid was purchased from POCH Company 
(Gliwice, Poland). Deionized water was obtained from Hydrolab system. 
The precursor solution for TiO2 thin films was obtained using titanium(IV) tetra(2-
propanolate), propan-2-ol, Triton X-100 and hydrochloric acid (37%). Detailed 
procedure on sol preparation can be found in our earlier works [206,208]. Thin films 
were distributed over the B-CNW using the spin-coating technique.  
The sol was applied on the glass/CNWs, and the thin films were dried in air for 24 h. 
Subsequently, they were annealed for three h at 400°C in air at a speed of 10°C/min. 

TG analysis 
Simultaneous differential thermal–thermogravimetric (DT-TG) analysis was 

carried out in a150 µL alumina crucibles with a METTLER TOLEDO TGA/SDTA 
851 operating in dry airflow, in a temperature range of 25–1000°C, with a heating rate 
of 10 C min-1). The accuracy of the balance is 0.1µg. In the experiment, the B-CNW 
sample was previously conditioned at 25◦C 80% RH for 24 hours, before being put in 
the crucible. 

SEM analysis 
Scanning electron microscopy (SEM) FEI Quanta FEG 250 Scanning Electron 

Microscope using 15kV beam accelerating voltage with SE-ETD detector (secondary 
electron – Everhart-Thornley detector) working in high vacuum mode (pressure 10-4 
Pa) was used to observe the structure of the B-CNW surfaces. 

Raman spectroscopy 
The molecular composition of the deposited films was studied by means of 

Raman spectroscopy using a Raman microscope (InVia, Renishaw, UK). Spectra were 
recorded in a range of 200–3500 cm–1 with an integration time of 5 s (10 averages), 
using an argon ion laser emitting at 514nm and operating at 5% of its total power 
(50mW). Data were smoothed (with a Savitzky-Golay method, 15 points, 2nd 
polynomial order), the baseline (approximated with a three-degree polynomial) 
subtracted and normalized. 

XRD analysis 
The presence of crystallized forms of titanium dioxide in the samples after the 

heat treatment was examined with X-ray diffraction method (XRD) using BRUKER 
D2PHASER equipment employing Cu K radiation operated at 30 kV and 10 mA. The 
XRD patterns were collected from 20◦ to 40◦ 2θ angle range using a scanning step of 
0.02◦ and counting time of 0.4 s per step. 
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UV-visible spectroscopy 
The absorbance spectra were recorded by a double beam spectrophotometer 

(UV-9000 Metash, China) in the 300-1000nm  range. The band gap energy (Eg) was 
estimated by plotting and extrapolating the square of absorption coefficient vs. the 
bandgap energy (Equation 15). 

NOx removal 
The experimental apparatus is illustrated in Figure 49-a. The reactor, 

represented in Figure 49-b, has been 3D-printed by using a UV-cured methacrylate 
resin. The optical window has been realized by a Fluorine-doped Tin Oxide (FTO) 
glass. The sample is placed in the lower part of the reactor. The air gap between the 
sample and the FTO glass is 3mm.  

 
Figure 49 -  Experimental setup.  

The UV lamp is located at the center of the reactor, over the sample, outside the reactor. 
Lamp, dilution system, NOx tank, and analyzer are the same, described in the previous 
paragraph. 

2.3.2.4 Activated Carbon Cloth/Titania composites 

Wet impregnation of TiO2 on the ACC 
Firstly, a dispersion of TiO2 (P25) in distilled water has been realized. A certain 

amount of P25 was added to 130ml of DI water, sonicated in an ultrasonic bath for 10 
minutes and followed by mixing for three hours on a magnetic stirrer to ensure the 
homogeneity of suspension. In some sample, GO was added to the solution. 
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Table 28 – Amount of TiO2 and GO inside the solution used for impregnating the ACC 

 DI water (g) TiO2 (g) G.O. (g) 
Pristine - - - 

DI 130 - - 
DI + P25 130 0.17 - 
DI + GO 130 - 0.17 

DI + GO + P25 130 0.17 0.17 
DI + 2GO + P25 130 0.17 0.37 
DI + 3GO + P25 130 0.17 0.50 
DI + 4GO + P25 130 0.17 0.65 
DI + GO + 3P25 130 0.50 0.17 
DI + GO + 5P25 130 0.85 0.17 

 
 For solutions also containing the graphene oxide, this was added before the TiO2.  
ACC samples are immersed in the solution, magnetically stirred for 2 hours and, then, 
the solvent is evaporated in the oven at 105°C for 48h. So-obtained samples are stored 
in a desiccator and, before the test, the sample is left at room conditions (temperature 
of about 22±2°C and relative humidity of 52±10%) for 2 hours, to reach the 
equilibrium with the environment. A similar procedure was adopted by Nostrati et al. 
[209] in order to obtain a hydrophilic, photocatalytic and antibacterial additive for 
polyacrylic based coating. The same impregnation technique was used by Tan et al. 
[210] for incorporating GO into an O2-rich TiO2 with the aim of enhancing stability 
and shifting the bandgap to the visible region. The photocatalytic efficiency may also 
be enhanced by a composite prepared with this method; a 4-fold increase was observed 
for the gas-phase oxidation of ethanol and benzene [211] or nitrogen oxide [212]. In 
our study, the addition of graphene oxide is primarily aimed to enhance the electrical 
conductivity of the activated carbon cloth sample and, secondly, to benefit from the 
GO/TiO2-coupling. 

Determination of gas phase adsorption isotherms 
Because of the hydrophobic nature of activated carbon, the copresence of water 

vapor up to 0.2-0.3 p/p0 with an organic solvent, doesn’t affect the adsorption of the 
adsorbent. However, if the water vapor concentration exceeds this level, the adsorption 
of the organic compound is hindered [149].  
In order to define the effect of relative humidity on the competitive adsorption with 
MEK, the adsorption isotherms were determined.  A 17cm2 specimen of ACC were 
weighted and placed inside a 1L glass jar, together with a specific salt-saturated 
solution (MgCl2, Mg(NO3)2, NaCl, KNO3), in order to maintain a fixed relative 
humidity ratio (33%, 53%, 75%, 94%), at a specific temperature.  At the time t=0, a 
certain amount of MEK was injected into the jar, and 10µl air samples were taken at 
fixed time intervals and analyzed through gas chromatography. 
Data were fitted according to the linearized term of the equation in Table 29. Langmuir 
isotherm was chosen because the isotherm fitted the experimental data. 
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Table 29 – Linearized equation of different isotherm models 

Isotherm model Linear form  
Langmuir 𝐶𝐶𝑏𝑏

𝑞𝑞𝑏𝑏
=

1
𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿

+
𝑞𝑞𝑏𝑏
𝑞𝑞𝑚𝑚

 Equation 16 

Freundlich ln 𝑞𝑞𝑏𝑏 = ln𝐾𝐾𝐹𝐹 +
1
𝑐𝑐

ln𝐶𝐶𝑏𝑏 Equation 17 

Temkin 𝑞𝑞𝑏𝑏 =
𝑅𝑅𝑅𝑅
𝑏𝑏

ln𝐾𝐾𝑇𝑇 +
𝑅𝑅𝑅𝑅
𝑏𝑏

ln𝐶𝐶𝑏𝑏 Equation 18 

Elovich ln
𝑞𝑞𝑏𝑏
𝐶𝐶𝑏𝑏

= ln(𝐾𝐾𝐸𝐸𝑞𝑞𝑚𝑚) −
1
𝑞𝑞𝑚𝑚

𝑞𝑞𝑏𝑏 Equation 19 

Dubin-Radushkevich 
ln 𝑞𝑞𝑏𝑏 = ln 𝑞𝑞𝑚𝑚 − 𝐵𝐵 �𝑅𝑅𝑅𝑅 ln �1 +

1
𝐶𝐶𝑏𝑏
��

2

 
Equation 20 

Electrical conductivity measurements 
Carbon must present an organized "graphitic like" structure to be electrically 

conductive. This transformation naturally occurs during the thermal manufacturing 
process. The variation of the electrical conductivity has been already measured and 
discussed in paragraph 2.2.2.2, where the oxidation of the ACC lead to lower 
conductivity. Electrical connections, made in stainless steel, were attached to opposite 
ends of the cloth and were the same length as the cloth sample.  

The determination of DC conductivity 𝜎𝜎, was calculated by measuring the 
resistance R and the dimensions of the conductor (l, length and S, cross-sectional 
area) as follows:  

𝜎𝜎 =
𝑐𝑐
𝑅𝑅𝑅𝑅

 
 
To perform the DC conductivity test with the change in VOC concentration a 

special apparatus was prepared. The reactor consists of a 1L glass jar,  
Inside the glass canister, the sample of ACC was anchored at its ends on a special 
support. Perpendicular to it, at a distance of 3cm, an IR temperature sensor was placed 
(Melexis MLX90614), in order to record the sample and environmental temperature. 
A sensor for the relative humidity and temperature has been placed behind the sample. 
At 10 seconds intervals, a potential of 3V is applied to the sample ends, and through a 
voltage divider having a known resistance, the resistivity value of the ACC is thus 
obtained. The reported value is the average of 10 measurements. 

2.3.3 Results 

2.3.3.1 Silica/Titania composites 

Morphology 
In Figure 50, the first picture (a) shows the raw silica (RAW) and (b) the 

AEROXIDE® TiO2 (P25). It is possible to observe the presence of TiO2 aggregates, 
having dimensions of tens of micron, on the silica surface (d) within for the sample 
W3 obtained by simple mixing. For all the samples obtained with the hydrothermal 
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method (c), no aggregate of the TiO2 particle can be detected, but it is possible to 
observe a more wrinkled surface, with a blueshift in the microscope light scattering. A 
magnification of sample A3 obtained by SEM is reported in Figure 51, where TiO2 
particles, within the size of hundreds of micrometers, are displaced over the silica 
surface. The XRD diffractogram for samples A3 and RAW shows the silica amorphous 
nature, confirming the presence of titanium dioxide, in the anatase form, in sample A3. 
 

 
Figure 50 - Pictures from the digital optical microscope. Magnification of raw silica (a), A3 

(b), P25 (c), W3 (d). 

a) b) 
Figure 51 -a)  SEM picture of sample A3, b) comparison between the XRD of the sample A3 

(black) and the reference (grey) 

Texture properties 
Nitrogen adsorption of silica-titania composites was tested, with pure silica and 

titania as reference samples. Their textural properties such as surface area, pore 
volumes and average pore size were also analyzed. For silica-titania composites, 
parameters were calculated on unit mass of the whole composites.  
Nitrogen isotherms and pore size distributions were presented in Figure 52 and Figure 
53. From Figure 52, Type IV isotherms with hysteresis loops are obtained, and they 
confirm the dominance of mesopores in these samples. Hysteresis loops of pure silica 
and titania start near relative pressures of 0.45. 

  

  

 

 

 

a 

b 

c 

d 

100µm 
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Figure 52 - Nitrogen adsorption isotherms at 77 K: Wet mixing series (left) and high-

temperature hydrolysis series(right). 

In Figure 53, pore size distributions of silica-titania composites tend to that of pure 
silica, since titania has a much smaller mass portion. Moreover, a lower amount of 
nitrogen adsorption is observed in samples A (by high-temperature hydrolysis method) 
than W (by wet mixing procedure).  
 

 
Figure 53 - Pore size distributions: Wet mixing series (left) and high-temperature hydrolysis 

series(right). 

BET surface area, total pore volume, and average pore diameter are listed in Table 30. 
It can be seen that, with the addition of titania, both the surface areas and pore volumes 
of silica-titania composites are lower than those of pure silica, while average pore sizes 
become larger than silica. These implied that the properties of silica could be modified 
by both methods. With high-temperature hydrolysis method, titania plays a more 
important role in texture properties. For instance, the BET surface area and average 
pore size of A12 0.57 are 241m2/g and 10.4nm, while those of W7 are 302m2/g and 
10nm.    

Water vapor adsorption kinetic 
It can be seen in all the samples that the water vapor adsorbed increases sharply 

during the initial stage (50% of the total capacity in the first 3 min), while it grows 
slowly as the samples reach the saturation.  
The fastest kinetic of adsorption belongs to the raw silica sample. Modification of the 
silica samples mainly lead to a decrease of the maximum capacity, 𝑞𝑞𝑏𝑏, at the 
equilibrium of water adsorbed. This aspect is also shown by the decrease of the BET 
surface area, while ℎ, which is related to the rate constant of adsorption, varies between 
13 and 30 mg/g min. 
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Table 30 - Surface area, pore parameters and water vapor adsorption kinetic parameters of 

prepared samples. 

 Texture properties Water vapor 
adsorption kinetic 

Samples 
BET Surface 

area 
Pore 

volume 
Average pore 

diameter 
𝒒𝒒𝒆𝒆 𝒉𝒉 

m2/g cm3/g nm mg/g mg/g. min 
Raw SG 327 0.74 9 222 24 

TiO2 54 0.3 22 42 15 
A3 258 0.64 10 98 13 
A7 241 0.62 10.4 165 15 

A12 210 0.57 10.9 117 27 
W3 314 0.77 9.8 165 30 
W7 302 0.76 10 111 26 

W12 288 0.72 10 152 25 
 
For all the samples, the presence of TiO2 results in an increase of the average pore 
diameter and to a decrease in BET surface area, which is stronger for the composite 
obtained by high-temperature hydrolysis, rather than for the one obtained by simple 
impregnation. 

Photocatalytic activity 
Photocatalytic activity of the samples is summarized in Table 31. Experimental 

data were fitted by using equations Equation 9, Equation 13 and Equation 14, 
respectively to determine the MEK, NO, and NOx removal rates. The MEK removal 
rate (h), under both dark and UV conditions, shows its maximum for the two samples 
having the lowest TiO2 amount (A3, W3). 

 
Table 31 – MEK removal rate 

    m MEK initial 
concentration 

UV Dark 
h qe h qe 

% g mg/l mg/min l  mg/l mg/min l  mg/l 
RAW 0 0.15 4.0 0.22 3.5 0.29 3.7 

A3 3 0.15 4.0 1.06 3.6 0.90 3.9 
A7 7 0.15 4.0 0.43 3.7 0.26 3.6 

A12 12 0.15 4.0 0.23 3.6 0.23 3.5 
W3 3 0.15 4.0 0.87 3.4 0.59 3.6 
W7 7 0.15 4.0 0.46 3.7 0.35 3.6 

W12 12 0.15 4.0 0.31 3.5 0.30 3.8 
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Table 32 – NO and NOx removal efficiencies 

 
TiO2 amount 

(%) 
ηNO 
 (%) 

ηNOx  
(%) 

RAW 0 3.4% 1.5% 
A3 3 18.0% 4.9% 
A7 7 14.5% 5.6% 

A12 12 13.3% 3.8% 
W3 3 8.9% 1.2% 
W7 7 21.5% 7.6% 

W12 12 21.5% 8.7% 
P25 99.5 19.9% 8.1% 

 
Observing the NOx photocatalytic activity, two different trends are noticed. The 
samples obtained by high-temperature hydrolysis show a decreasing trend on the NO 
photocatalytic index, with increasing the percentage of TiO2, while for the samples 
obtained by simple impregnation, the NO photocatalytic index increases jointly with 
the P25 amount, until reaching a plateau. While considering the NOx removal, 
efficiencies are halved, since NO2 is formed as an unwanted product.  
It is interesting to compare A3 with W3 and P25. All these samples have the same 
amount of TiO2, but they show different photocatalytic activities. W3 is the less active, 
probably because the same amount of P25 is poorly distributed over the composite 
surface, while the P25 and A3 activities are comparable. In fact, as seen from the SEM 
and the optical microscope pictures, TiO2 is well dispersed on the surface of the silica, 
for A3. However, this better dispersion, affect mostly the porosity of the silica, 
resulting in a lower efficiency with higher loads of TiO2.  

2.3.3.2 Carbonaceous nanomaterials/Titania composites 

Photocatalytic activity 
Adding a solvent (such as DMSO) in the sol may negatively affect the 

crystallinity of the TiO2 [213]; for this reason, the same amount was introduced in each 
sample, but the amount of carbonaceous material in the DMSO was varied. Figure 54 
reports the photocatalytic efficiency for the NO removal versus the carbon content of 
the composite. It is possible to observe how, for most of the composites, not including 
the graphene oxide, higher addiction negatively affect the photocatalytic activity. CB 
and CNW are the ones more affected, while for G and AC, the loss in efficiency is 
comparable to the TiO2-only sample. Only GO shows an enhancement by its addition 
into the composite. This effect may be explained by the fact that the GO was well-
dispersed both in the DMSO, both on the glass surface, resulting in better incorporation 
(Figure 55) of the carbonaceous material into the composite.  
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Figure 54 - Photocatalytic activity of different carbon/TiO2 composites 

a)   b) 
Figure 55 - Optical microscopy picture of a) TiO2 and b) G/TiO2 composite. The white 

domain is TiO2. 

UV-visible spectroscopy 
The optical bandgap of anatase, reported by Lewkowicz et al., by using the 

same method, is equal to 3.4eV [206]. In this work, to the precursor was added to the 
carbon dispersed in DMSO, and the presence of other organic compounds may inhibit 
the gel formation, limiting the crystallite size and increasing the bandgap [214]. 

 
Figure 56 - Optical bandgap of the C/TiO2 composites 

The band gap energy of TiO2 was calculated to be 3.60 eV for the sample with 
carbon/TiO2 ratio equal to 0.2. This value is larger than the value measured in bulk for 
anatase TiO2 (3.2 eV). Such differences may arise from different phenomena, such as 
the emergence of a direct transition in the semiconductor or because of the crystallite 
size [214]. All the calculated bandgaps are close to this value, and the carbon 
concentration slightly affects it, while for AC and CNW, an increase of the carbon 
incorporated, lead to a decrease of the Eg, up to 3.1eV. 

50µ 50µ 
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2.3.3.3 Carbon nanowall/Titania composite 

Growth and characterization of B-CNW on glass 
Figure 57 shows the SEM images of B-CNW growth, respectively, at 400, 550, 

700, 850°C at 2k ppm [B]/[C] ratio and with 0, 2k, 5k, 7.5k ppm [B]/[C] at 700°C. It 
is found the wall structure only for temperature higher than 700°C, and it is noted that 
nanowall length increases with increasing temperature.  
Boron incorporation into the CNW lattice, in different ratios at the same growth 
temperature, does not strongly affect the morphology (Fig.1e-h) which can be 
confirmed in other publications [215]. 

 

 
Figure 57 - SEM picture of B-CNW growth, respectively, at 400°C, 550°C, 700°C, 850°C at 

2k ppm [B]/[C] ratio and with 0, 2k, 5k, 7.5k ppm [B]/[C] at 700°C. 

The absorbance spectrum for the sample growth at different temperatures is 
shown in Figure 58.  

The absorbance for wavelengths of between 400 and 700 ranges between 0.2 
and 0.8, with increasing growth temperature. In particular, a prominent change in 
average transmittance has been observed in the 200 nm to 350 nm wavelength region. 
The absorbance spectrum for the samples with different [B]/[C] ratios are similar, 
while the trend of visible light absorption for samples initially increases, and then 
decreases with higher [B]/[C] ratio higher than 5k ppm (Figure 58-b). 
 

 
Figure 58 - a) UV-visible absorbance spectrum for B-CNW growth at 400°C, 550°C, 700°C, 
850°C at 2k ppm [B]/[C] ratio and b) UV-visible absorbance spectrum for B-CNW at 0, 2k, 

5k, 7.5k ppm [B]/[C] at 700°C. 
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Raman spectra of CNWs are analyzed and reported in Figure 59. In all samples, 
two main bands at ∼1580 and ∼1350cm−1, are found, which are generally attributed 
to the G and D band, respectively. In particular, Ferrari and Robertson have suggested 
that the G and D peaks are due to sp2 only [158]. 

 
Figure 59 - Raman Spectrum of the samples growth at 400°C, 550°C, 700°C, 850°C, 2k ppm 

[B]/[C] ratio 

The peak at around 1350 cm−1 corresponds to the breathing mode of sp2 atoms in a 
ring (D band, Figure 59-a).  The different samples morphology, previously described 
and reported in Fig.1, is also highlighted by the presence of D-peak, at 1350 cm-1 in 
the Raman spectra, only for the B-CNW growth at higher temperature, which 
corresponds to distortion of sp2 crystal structure; while, for the first two samples (at 
400 and 550°C), a peak appears before, at 1334 cm-1, which can be attributed, instead, 
to the diamond structure [216]. 
The peak at 1580 cm−1 is due to bond stretching of sp2 atoms in rings and chains (G 
band, Figure 59-b). The G-peak position is shifted to a higher frequency with higher 
temperatures, and the G-FWHW is also found to decrease with temperature. Marchon 
et al. reported a similar trend, and they linked it to the decrease of sp3 content [217]. 
The band at 1220 cm–1 is reported to be caused by the effect of boron on the diamond 
lattice [218]. However, this peak also appears in boron-free CNW, which makes 
another hypothesis reasonable. Chen et al. [219] merged their results with theoretical 
analysis and experimental results from others to identify two additional Raman peaks 
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at around 1168 and 1271 cm-1, in tetrahedral amorphous carbon, linked to the sp3 
bonding. In our results, reported in Figure 59-c, it is possible to observe a distinct peak, 
ahead of the D band, which redshifts with increasing temperature. Moreover, from the 
Raman spectrum it is observed that when the boron concentration was increased 
further from 2k ppm [B]/[C], the G-band peak upshifted by 6cm-1. A similar result was 
noted by McGuire et al. [220] for boron-doped single-walled carbon nanotubes. 

The nanowall lengths and the nanowall layer thicknesses, estimated through 
Spectroscopic Ellipsometry, have been plotted against the different growth 
temperatures (Figure 60-a/c), jointly with the optical bandgap and electrical 
conductivity (Figure 60-b/d).  

 

 
Figure 60 - a) Nanowall length and layer thickness, b) optical bandgap and electrical 

conductivity for B-CNW growth at 400°C, 550°C, 700°C, 850°C, 2k ppm [B]/[C] ratio; c) 
nanowall length and layer thickness, d) optical bandgap and electrical conductivity for B-

CNW growth at 0, 2k, 5k, 7.5k ppm [B]/[C] at 700°C. 

Higher electrical conductivity belongs to samples growth at a higher temperature, 
similarly for the nanowall length, as this parameter particularly affects the charges 
mobility(Figure 60-a). The longer walls structure delivers higher conductivity mostly 
due to the minimized effect of carrier scattering at the inter-walls regions and surface 
defects. Next, the optical bandgap shows a maximum for the sample growth at 700°C 
(Figure 60-b), which is much larger than values reported by Kawai et al. [221]. This 
effect is unrevealed, while it could be attributed to the specific molecular structure 
caused by boron doping. The wall length is slightly positively influenced by the boron 
level in the gas phase, as previously reported [215], while the B-CNW layer thickness 
is not, and constant at 34±4nm (Figure 60c). Overall, the incorporation of boron into 
the CNWs lattice structure induces the unique effect of enhanced electrochemical 
performance and improved charge transfer [202,203] (Figure 60-d). 
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Morphology of the B-CNW/TiO2 composite 
The morphology of the B-CNW/TiO2 composite is shown in Figure 61. Optical 

microscopy of the composite surface is reported in Figure 61-a, in which it is possible 
to observe the shading color resulting from interference in titania thickness [222]. The 
irregular composite surface is better represented by the AFM picture in Figure 61-b, 
where the roughness is in the order of 10nm, due to the TiO2 coating. Furthermore, 
few superficial defects are presents. Figure 61-c,d represents two of those, in which, 
during the annealing process, the titanium dioxide layer cracked and can be ejected, 
resulting in the exposure of the B-CNW underlying layer Figure 61-d. Raman 
spectroscopy (Figure 61-e) confirms the higher amount of crystalline carbon at the 
defect. 

 
Figure 61 - a)optical microscopy of the sample surface b) 3D resolution of AFM picture of 
the composite sample.c-d) defects at the sample surface e)Raman spectra recorded at the 

clear surface and at the defect 

TG analysis 
The TGA shows single combustion of the B-CNW starting at 456°C and 

finishing at 883°C, with a total mass lost equal to 99.95%. According to this result, 
calcination of the samples was conducted at 400°C 

Raman spectroscopy 
Figure 62 shows the comparison of the Raman spectra of TiO2, CNW, and the 

TiO2/CNW composites. A well-resolved TiO2 Raman peak is observed at about 145 
cm−1 for the TiO2 and  TiO2/CNW samples, which is attributed to the main anatase 
vibration mode, followed by vibration peaks at about 412 cm−1, 522 cm−1 and 640 
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cm−1, may indicate that the anatase crystallites in the materials are the primary species.  
The other two main bands at ∼1580 and ∼1350cm−1 are attributed to the G and D band 
of the carbon nanowall, respectively.  

 
Figure 62- Raman spectra of the CNW/TiO2 composites 

XRD analysis 
Figure 63 shows the XRD patterns of the samples after heat treatment (400°C, 

three hours). The signal observed in all cases and located at 24.95 degrees of 2θ angle 
can be attributed to the most intense reflection of the anatase phase. The presence of 
this signal confirms the presence of a crystalline form of TiO2 in obtained thin films. 
However, the signal is broad and not well resolved. This suggests that the 
concentration of anatase crystalline domains present in amorphous TiO2 is relatively 
small and their average diameter is in nanometer scale.   
The intensity of the anatase phase is the same with the increase of the amount of CNW, 
due to the stable of titanium dioxide with CNW. However, we observe the small 
intensity of anatase peak, because of their dependence on crystallite size and porosity 
structure (probably connected with defects in the structure of thin films).  
The presence of cristobalite, a high-temperature polymorph of silica, is related to the 
high-temperature treatment on the quartz substrate. The peak at 2θ= 22, absent in the 
reference sample which was subjected only at the H2-pretreatment at 500°C, decreases 
with increasing B-CNW layer thickness, which indicates a penetration depth of 
hundreds of nanometers. 
 

 
Figure 63 - Results of XRD analysis. 
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 UV-vis spectroscopy 
UV-vis spectroscopy was conducted in order to estimate the band gap energy 

of the samples with the Tauc method (Equation 15). Optical bandgaps, reported in 
Figure 64, show their decrease by increasing the thickness of the BCNW layer, both 
in the BCNW-only sample and the composite. 

 
Figure 64 -  The absorbance of the TiO2/B-CNW samples. 

Photocatalytic activity 
The photocatalytic activity of the composite, measured as removal of NOx 

under UV irradiation, is reported in Figure 65.  It was reported that B-CNWs showed 
no response to light irradiation. Test was performed at two different inlet flow, in order 
to variate the residence time inside the reactor. 

a) b) 
Figure 65  - NO removed by the different composites, (a) with different carbon nanowall  

layer thickness and (b) with different B-doping in the CNW.  

It was found that samples are having a thicker CNW thickness show an increased NO 
removal efficiency, while the boron incorporation slightly affects it, showing a 
maximum for 2000ppm of B/C ratio. These considerations are consistent with the 
optical bandgap previously determined. 

2.3.3.4 Activated Carbon Cloth/Titania composites 

Water vapor isotherm 
Effects of the simple impregnation method are reported in Figure 66. In Figure 

66-a is reported a simple comparison between the amount of GO and TiO2 present in 
the solution, used to impregnate the sample and the final weight of the sample. The 
slope of the linear correlation suggests that, approximately, 85% of the solute can be 
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found in the sample. Figure 66-b shows how the electrical conductivity varies 
according to the amount of GO load in the solution. 
 

 a) b) 
Figure 66 - a) Correlation between the mass of the sample and the TiO2+GO load in the 

solution; b) enhancement of the DC conductivity with increasing the G.O. load in the 
solution 

Figure 67 shows the water adsorption isotherms, in adsorption and desorption, 
for the different activated carbon clothes impregnated with P25 and GO and the pore 
radius distribution. It is possible to observe that the addition of titania and graphene by 
simple impregnation method does not strongly affect the porosity, like previously 
described silica/titania composite.  

 

Figure 67 – Water vapor isotherm of the DI-washed-ACC and impregnated with GO and 
TiO2. 

Adsorption isotherms 
MEK adsorption on activating carbon cloth has been found to fit a Langmuir 

model. The isotherms were conducted with the coexistence of a saturated salt solution, 
in order to control the relative humidity inside the reactor.  Figure 68 reports the results 
of the isotherm fit with a Langmuir model. 
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𝑞𝑞 =
𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶

1 + 𝐾𝐾𝐿𝐿𝐶𝐶
 

 

 U.R. 
qm 

mgMEK/gCA 
KL 

l/mgMEK 
94% 25.2 1.5 
75% 25.3 3.0 
53% 29.3 3.8 
33% 26.8 8.4 

 
Figure 68 - Langmuir constant resulting from the data fitting (Equation 16). Effect of the 

relative humidity on the Langmuir isotherm parameters. 

The Langmuir constant (KL) indicates the extent of interaction between adsorbate and 
the surface. The most robust interaction between adsorbate and adsorbent occurs at 
lower R.H., while the maximum adsorption density is reached for R.H. equal to 53%. 
qm, defined as the maximum mass of adsorbate to form a mono-layer, slightly 
decreases with the RH, showing a maximum for RH=53%. This can be due to 
cooperative adsorption between the two molecules for medium/low water loading, 
while it became competitive adsorption for higher concentrations [223].  

ACS electrical resistivity 
As previously reported, in paragraph 2.2.3.2, activated carbon cloth exhibits a 

resistive behavior, when exposed to the air. However, its electrical resistivity does not 
depend only on the presence of functional groups, but also on other parameters: in fact, 
carbonaceous materials are often used as substrates for sensors, because the adsorption 
of gases (or water vapor) may result in a variation of the electrical resistivity.  
While activated carbons are hydrophobic, they show high affinity to water vapor. A 
variation of the environmental concentration of water vapor results in a change in the 
number of water molecules adsorbed, which may reflect into the change of the 
electrical resistivity of the adsorbent. Table 33 reports the variation in electrical 
conductivity at different relative humidity level. 
 

Table 33 - Effect of the relative humidity on the ACC electrical conductivity 

UR % σ (S/m) 

33 3.1E-04 
53 2.8E-04 
75 2.0E-03 
94 1.7E-03 

 
The deposition, by impregnation, of TiO2, reduces the electrical conductivity 

of the ACC. Firstly, the only washing with DI water, lye ions and carbon particles that 
participate in the transmission of charges. For this reason, the coal subjected to 
washing (DI) has a lower electrical conductivity than the pristine ACC. The only 
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addition of GO leads to an abrupt increase of the electrical conductivity, which is 
mitigated by the co-presence of titanium dioxide.  
 

 
Figure 69 - Effect of type of treatment on the ACC electrical conductivity 

Maintaining constant the amount of TiO2 and varying the GO content, it is possible to 
increase the electrical conductivity of the ACC (Figure 70-a), while maintaining a 
constant load of GO (Figure 70-b), an increase of the photocatalyst reduces the 
conductivity. 
 

a)   b) 
Figure 70 - Effect of the TiO2 and GO load on the ACC electrical resistivity 

It has already been reported that the electrical resistance of carbon conductors 
changes when exposed to an atmosphere of some gas or vapor [224,225]. 
This behavior is reported in Figure 71 and Figure 72. The grey line is the relative 
humidity, which ranges between 85 and 88% during the whole test. The crosses are 
the amount of MEK in the air, not adsorbed, determined by gas chromatography. The 
difference between injected MEK and this latter one is represented by the blue line, 
which is also reported in abscissa in Figure 72. 



88 2.3 Photocatalysis and Adsorption 

 

 
Figure 71 - Adsorption by ACC of subsequent MEK injection  

 

 
Figure 72 - Variation of the electrical conductivity by the amount of MEK adsorbed 

After a given amount of MEK has been injected into the reactor, it is possible 
to observe an increase of the electrical conductivity which is annulled once the 
capacity of activated carbon has been reached. 

 

2.3.4 Discussion 

2.3.4.1 Silica/Titania composite 
In this paragraph, starting with the most promising adsorbent materials 

previously tested, silica and activated carbon were coated with TiO2. As there are 
numerous publications in which the above-mentioned composites have been realized, 
characterized and tested, the first subparagraph, has focused on the realization of a 
SiO2/TiO2 composite starting from metallic titanium. 
This choice was justified by the fact of being able to use a waste material as a titania 
precursor. This method allows obtaining a good covering of the silica, without 
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excessively affecting the porosity of the adsorbent material, which also acts as a 
support. 
Beyond that it can be considered a simple method for the synthesis of this composite; 
one drawback of the method is the production of diluted sulfuric acid, as a reaction by-
product, which cannot be recovered within the TiO2 production process. Another 
problem with this method is the need to reach high temperatures for the production of 
the mixture. 
In the production of a silica-titania composite, while the silica original adsorptive 
capacity and surface area decrease, the surface area of pure titania significantly 
increases, playing an essential role in the dispersion and support for the TiO2. 
However, the method chosen significantly influences their adsorptive properties: 
• the simple mixing of the two oxides, aided by ultrasonication, doesn’t strongly 

affect the surface area and the pore volume, as TiO2 particles aggregates of tens 
of microns are placed on the silica surface; 

• the hydrothermal method better overlay the silica surface with titanium within 
the size of hundreds of nanometers, but the surfaces area is negatively affected: 

• Both composites show photocatalytic activity toward the degradation of NOx and 
MEK. Composites with the lowest amount of TiO2 (3%) show the best 
performance and the highest surface area. 

The production of silica/titania composites, starting from metallic titanium and 
commercial-available silica shows a possible new way for a real scale commercial 
production of such composite.  
This method was applied as well for the deposition of TiO2 on clays, fly ashes and 
activated carbon; however, the requirement of high temperature to calcinate the 
catalyst make it not optimal for activated carbons, because of their low thermal 
stability.  

2.3.4.2 Carbonaceous nanomaterial/Titania composite 
A carbonaceous material can be coupled with a photocatalyst for many reasons: 

to operate as support, to increase the concentration of a pollutant in the proximity of 
the catalyst, to introduce defect or new bonds with the TiO2, in order to change the 
bandgap energy or enhance the separation of the photogenerated electron/hole couple.  
Obtaining a successful junction between carbon and TiO2 lies both in the deposition 
technique adopted, both in the type of material. By using the same TiO2 deposition 
method (sol-gel technique), different target carbon materials have been tested. Among 
these, only the addition of graphene oxide showed an increase of the photocatalytic 
activity, measured as the efficiency of removal of nitrogen oxides, while the other 
carbonaceous materials were poorly dispersed in the solvent, as well as in the final 
solution together with the TiO2 precursor. All the composites exhibited a higher 
bandgap, compared to the one reported in the literature, but it can be explained by the 
addition of DMSO into the TiO2-precursor.    

2.3.4.3 Carbon nanowall/Titania composite 
In order to study the individual processes effectively and the coupled processes, 

from a nanometric point of view, instead of a macroscopic scale, an ad-hoc composite 
was prepared.  
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To the carbon, nanowall belongs a series of unique properties, which highlight them 
concerning the other allotropes. Being a vertical sheet of graphene, by varying the 
geometry and the density, it is possible to modify the porosity of the material. The 
introduction of impurities within the crystalline structure, such as boron, allows 
varying the electrical resistivity and the bandgap. The formation of a heterojunction 
with the TiO2 allows separating photoinduced couples more effectively, increasing the 
photocatalytic process efficiency. By varying the gelation time of the organic 
precursor, it is possible to vary the height of the titanium dioxide layer, thus obtaining 
different thicknesses and reducing the optical bandgaps. 

2.3.4.4 Activated Carbon Cloth/Titania composite 
 The activated carbon cloths a preferable option as a catalyst support, because 

of their high surface area, lightweight and self-sustaining property, and they are 
relatively inexpensive. For these reasons, they have been intensely studied in this 
work. 
The decision to use a commercial photocatalyst and to deposit it using simple wet 
impregnation lies in the fact that this method does not introduce further variables into 
the study and because of a broader source of information available in the literature.  
The study about the parameters affecting the electrical resistivity of an activated 
carbon cloth is justified by several points: firstly, since it is a function of the adsorption 
capacity of a specific adsorbate, it can provide important functions on the state of 
depletion of  the active sites; secondly, dealing with a corona discharge, with the same 
applied potential, the greater the electrical resistivity, the smaller the electric field will 
be. 
The impregnation of activated carbon cloth with a TiO2 containing solution results to 
be a simple and inexpensive method for producing an adsorbent / photocatalytic 
composite; however, electrical conductivity is penalized both when the ACC is 
immersed in water and when the P25 is deposited. This problem can be solved by 
introducing graphene oxide to the solution. The higher is its concentration in the 
solution, the greater the electrical conductivity will be, but not necessarily its 
photocatalytic response. 
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Most of the literature identifies the coupling of “cold plasma” with 
the photocatalysis with the term “plasma-catalysis.” However, often 
are only considered synergies with a relatively high degree of 
ionization. In typical configurations, the catalyst is placed together or 
downstream the plasma region. This combination has been reported 
to be a promising technique for the removal of gaseous compounds, 
able to increase the efficiency of the non-thermal plasma and to 
improve the selectivity towards harmless products.  
An unexplored aspect in literature is the effect of weakly ionized gas, 
close to plasma, applied to a photocatalyst. In this paragraph: 
• Using a corona discharge-configuration, where the photocatalyst 

covers the electrode, the enhanced removal of VOC and NOx has 
been studied; 

• A novel method for the combined photocatalytic activity 
determination and bandgap estimation has been developed, and it 
has been used to indirectly estimate the effect of the electric field 
on the optical bandgap of the semiconductor. 

 

2.4 Photocatalysis and Electrostatic 

2.4.1 Introduction 
The synergistic effect between a catalyst and an ionized gas is generally called 

“plasma-catalysis.” The high energy of the electrons produced by the corona 
discharge, present in the electrostatic filter, allows for a series of electron collision 
processes with the molecules of the flowing gas, resulting in a range of excited species 
and positive and negative ions. These excited species have, generally, a short lifetime, 
so that they cannot play an important role in the process chemistry. Are an exception 
few states of excited oxygen which contributes to the formation of additional OH 
radical [226,227] and more stable products, like O3. Many explanations have been 
provided to explain this phenomenon, among which the production of ozone, the 
catalyst activation by the corona production of UV radiation, the plasma-induced 
adsorption/desorption/oxidation of chemical species and the local heating. Whitehead 
reported how [95] not only the plasma affect the catalyst, but how also the catalyst 
affect the plasma: think of the cell capacitance change due to the introduction of the 
catalyst, and/or the plasma conformation due to the shape - and porosity- of the 
catalyst. Some author also suggested that the micro discharges, formed inside the 
catalyst pores may be responsible for the enhanced degradation of chemicals [228], as 
well as the dielectric constant of the catalyst and the pore size [229] may play an 
important role. 

In the scientific literature, most of the publications concern the application of 
an NTP through a dielectric barrier discharge configuration, where the dielectric and 
the catalyst coincide, or the latter is located downstream of the reactor [96,227,230]. 
A smaller number of publications consider the application of a corona discharge-like 
configuration to a catalyst [231–233]. Also, this type of synergy is used mostly for the 
removal of gases, such as exhaust gas, NOx, and volatile organic compounds 
dangerous for health. 
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An aspect not covered by the literature is what happens to the catalyst at applied 
potentials lower than the corona onset voltage, i.e., during the Townsend regime or, 
even before, during the background ionization.  
By means of a First-principle study, Zhao et al. [234] investigated the influence of an 
external electric field on the electronic structure and optical properties of TiO2 and 
they find out that the TiO2 energy gap became narrower as increasing the electric field 
was increased, and it reached 0 eV when the electric field was 0.25 eV. For this reason, 
an application of an external electric field may result in an enhancement of the 
photocatalytic activity, due to the extension of the absorption edges to the visible 
region.  
Similarly, Futera and English [235] investigated the effects of external electric fields 
applied to TiO2/water interfaces using nonequilibrium molecular-dynamics 
techniques. Interestingly, the static electric field may induce alignment of the water 
molecules thanks to the water dipoles, and a stronger response of the interfacial 
hydrogen bonding between TiO2 and water.  
Guo et al. [236] synthesized lithium-doped sulfated titania nanoparticles and tested the 
photocatalytic activity by methylene blue degradation, in the presence of an 
electrostatic field. The enhanced degradation of MB was attributed to the Franz–
Keldysh effect, which reduced the TiO2 optical absorption edges with the electric field. 
 In this paragraph, TiO2 has been applied over an aluminum electrode, which 
has been grounded. Photocatalytic degradation of NOx and VOCs by TiO2 has been 
investigated in the presence of an external electric field.  

2.4.2 Materials and methods 

2.4.2.1 Sample Characterization 
The catalyst used was TiO2 P25 Aeroxide®. A TiO2 paint was obtained mixing a 

primer, dispersant, and water, and then applied on an aluminum support. The 
aluminum plate had dimensions of 10x5x0.1cm and the exposed surface was finely 
grated to achieve better adhesion of the paint on the support. 

2.4.2.2 Experimental Procedure 

VOC removal 
Experiments were run according to a fixed procedure. After washing the TiO2-

coated aluminum support with distilled water, the surface was dried for 15 minutes 
under an IR-lamp and left outside the reactor until it reached room temperature. 

For evaluating the VOC removal efficiency, a batch reactor, inspired by the Italian 
standard UNI 11848, has been used, in parallelepiped-shape polymethylmethacrylate 
(PMMA) reactor, having a total volume of 3.8 L (24 cm (L) × 18 cm (W) × 9 cm (H)). 
Its particular realization allows a tangential flux over the sample (Figure 73).  
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Figure 73 - VOC photo-electro catalytic reactor 

After positioning sample inside the reactor, a known volume (corresponding to 33 
mmol) of the selected VOC (MEK, acetone, toluene or benzene) was injected into the 
reactor. 
VOC, CO2, CO measurements, were performed by an infrared photoacoustic analytical 
instrument (Bruel and Kjaer Multi-gas Monitor Type 1302), while ozone concentration 
measurements were realized with a UV Photometric Ozone Monitor (API Ozone 
Monitor Model 450).  
Air samples were taken, approximately, every 2 minutes and the concentration curves 
were approximated as a pseudo-first order kinetic.  
 

𝑑𝑑𝐶𝐶(𝑐𝑐)
𝑑𝑑𝑐𝑐

= 𝑘𝑘𝐶𝐶(𝑐𝑐) 
Equation 21 

 
 
Where k is the reaction constant (min-1), and C(t) is the concentration of VOC. Data 
fitting was obtained by performing least square minimization with the Levenberg-
Marquardt algorithm. Efficiencies of VOC removal are expressed as follows: 
 

ηPCO =
kPCO − kblank

kPCO
× 100 

Equation 22 

ηPCO+ESP =
kPCO+ESP − kblank

kPCO+ESP
× 100 

Equation 23 

 
blank is referred to a VOC decay within the TiO2-painted aluminum plate placed inside 
the box, in the absence of both UV and ESP powered. In PCO test setting UV lamp is 
turned on. Under PCO+ESP conditions, both UV lamp and ESP are powered.  
To estimate how the combined use of PCO+ESP can improve the PCO process in the 
VOC removal, the Increment of VOC removal efficiency index is introduced: 
 

∆𝜂𝜂𝑉𝑉𝑂𝑂𝐶𝐶 =
𝑘𝑘𝑃𝑃𝐶𝐶𝑂𝑂 − 𝑘𝑘𝑃𝑃𝐶𝐶𝑂𝑂+𝐸𝐸𝐸𝐸𝑃𝑃

𝑘𝑘𝑃𝑃𝐶𝐶𝑂𝑂
 Equation 24 

 
 And  are the kinetic constant (k) obtained from Equation 21, for the 

PCO and PCO+ESP phases. The net CO2 obtained by coupling the processes is 
evaluated by the following index: 
 

∆𝜂𝜂𝐶𝐶𝑂𝑂2 =
[𝐶𝐶𝑂𝑂2]𝑃𝑃𝐶𝐶𝑂𝑂+𝐸𝐸𝐸𝐸𝑃𝑃

𝑏𝑏𝑒𝑒𝑒𝑒 − [𝐶𝐶𝑂𝑂2]𝑃𝑃𝐶𝐶𝑂𝑂
𝑏𝑏𝑒𝑒𝑒𝑒

[𝐶𝐶𝑂𝑂2]𝑚𝑚𝑎𝑎𝑥𝑥𝑏𝑏ℎ  
Equation 25 
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Where ∆𝜂𝜂𝐶𝐶𝑂𝑂2 is the difference of CO2 produced, normalized by the theoretical 
stoichiometric CO2 achievable. 
The carbon mass balance is computed considering only the first hour of activity. CO 
and CO2 production were monitored and compared with the moles of VOC injected. 

It is reported that water vapor affects catalysis, and it could be possible to keep 
it into account by using a Langmuir-Hinshelwood (L-H) competitive species approach 
(Yu and Lee 2007); however, since in our experiments humidity was kept substantially 
constant, it was considered possible to adopt a unimolecular reaction kinetic. The 
Langmuir-Hinshelwood (L-H) kinetics is the most commonly used equation to 
describe the kinetics of the heterogeneous catalytic processes [237–240].   
It is described by the following equation.  
 

𝑐𝑐 =
𝑑𝑑𝐶𝐶
𝑑𝑑𝑐𝑐

=
𝑘𝑘𝐾𝐾𝐶𝐶

1 + 𝐾𝐾𝐶𝐶
 

Equation 26 

 
Where C is the specific concentration of the considered compound, k the reaction rate 
constant and K the NO adsorption constant. 

NOx removal 
The experimental apparatus is illustrated in Figure 74. The photoreactor has a 

volume of 3L, and it consists of a Pyrex glass cylinder. Inside is placed a thin 
aluminum plate, coated on one side with the TiO2 catalyst. This plate is laid on a 
polymethylmethacrylate (PMMA) support, above which the tungsten wire is placed at 
a variable distance from the plate. Three PMMA support with a fixed distance between 
the wire and plate of 1.5cm, 3cm, 4cm were used. Retention time inside the reactor has 
been imposed between 3 and 1.5min, depending on the inlet flux. The experimental 
apparatus is coincident with the previously described, except for the ozone monitor, 
connected through a bypass of the NOx analyzer 
 

 
Figure 74 - Experimental apparatus: NOx and ozone analysis are carried out separately, 

using a bypass downstream the plug-flow reactor 

Experiments were run according to a fixed procedure; each test is divided into five 
parts, of different duration.  

1) NO, and NO2 concentrations are stationary; 
2) the UV lamp is turned on for 30 minutes, in order to activate the TiO2 (PCO); 
3) the electric potential is applied to the discharge electrode (ESP), without 

turning off the UV lamp, for the next 30 minutes, in order to have the combined 
effect (PCO+ESP); 
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4) the the UV lamp is turned off. Only the ESP is still on (ESP). This phase lasts 
for 20-40min, depending on the time needed to have constant concentrations; 

5) The ESP is turned off. NO and NO2 stabilize at the initial concentrations. 
For each active stage (UV, ESP, UV+ESP), NO removal efficiency was calculated as 
reported in paragraph 2.3.2.1. Moreover, NO2 selectivity was evaluated as follows:  
 
 

𝑅𝑅𝑁𝑁𝑂𝑂2 𝑁𝑁𝑂𝑂⁄ =
𝑁𝑁𝑂𝑂2𝑂𝑂𝑁𝑁 − 𝑁𝑁𝑂𝑂2𝑂𝑂𝐹𝐹𝐹𝐹

𝑁𝑁𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 − 𝑁𝑁𝑂𝑂𝑂𝑂𝑁𝑁
 

Equation 27 

 
 

Where 𝑁𝑁𝑂𝑂𝑂𝑂𝐹𝐹𝐹𝐹 , 𝑁𝑁𝑂𝑂2𝑂𝑂𝐹𝐹𝐹𝐹are the initial concentrations of NO and NO2 while both 
ESP an UV are turned off (ppb); 𝑁𝑁𝑂𝑂𝑂𝑂𝑁𝑁, 𝑁𝑁𝑂𝑂2𝑂𝑂𝑁𝑁 are the concentrations of NO and NO2 
while ESP or UV or ESP+UV are turned on (ppb); therefore, a negative selectivity 
indicates a reduction of NO2 instead of a production. 

2.4.2.3 Multi-LED reactor 

NOx apparatus 
The apparatus, the test conditions, and the reactor were adopted by the Italian 

Standard UNI 11247, where a continuous flow test method is used for the 
determination of the degradation of nitrogen oxides in the air by inorganic 
photocatalytic materials.  
With the same apparatus previously described in paragraph 2.4.2.2, only the light is 
substituted with an array of LEDs, which are located at the center, outside the reactor, 
over the sample.  
Colloidal samples of various TiO2-based powders were prepared by sonication of the 
aqueous slurry for one hour, followed by concentration on a glass surface by slow 
evaporation under an IR lamp. Obtained samples were stored in a sealed chamber, and 
they were kept 1hour exposed to laboratory environments, before the test. 

LED characterization 
LEDs were purchased from Shenzhen Chundaxin Photoelectric Co. (Shenzhen, 

China) and they were chosen for their different emission peak; their characteristics are 
reported in Table 34. 

Table 34 - LEDs characteristic 
 

µ, Spectrum peak [nm] σ2, Variance 
[nm2] 

𝐄𝐄𝐞𝐞,𝛌𝛌 
[W m-2 nm-1] 

R2 
 Declared* Effective 

LED 1 blue 467.5 15.2 1.11 0.9860 
LED 2 420-430 424.4 10.5 1.10 0.9845 
LED 3 400-410 402.4 10.8 0.46 0.9927 
LED 4 385-390 378.9 7.2 0.74 0.9848 
LED 5 375-380 377.8 6.9 0.43 0.9782 
LED 6 365-370 370.6 7.0 0.40 0.9726 

* Declared by the producer 
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LED spectrums were measured in the 200 – 800 nm range by using a spectrometer 
(model CAS 120, Instrument Systems, Munich, Germany). The CAS 120 is equipped 
with a crossed Czerny-Turner spectrograph and an array detector. The spectral 
resolution is 2.7 nm, the data point interval is 0.35nm, the wavelength accuracy is ±0.3 
nm, and the integration time is 60 - 870 ms. Spectral irradiance (𝐸𝐸𝑏𝑏,𝜆𝜆) was measured 
at three distances (d) and the follow inverse-squared relation was found: 
 

𝐸𝐸𝑏𝑏,𝜆𝜆 = 𝛼𝛼
1
𝑑𝑑2

 
Equation 28 

 
Spectrum peaks and widths were calculated by approximating spectra to normal 
distributions: 
 

𝐸𝐸𝑏𝑏,𝜆𝜆 =
1

√2𝜋𝜋𝜎𝜎2
exp �−

1
2
�
𝜆𝜆 − 𝜇𝜇
𝜎𝜎

�
2

� 
Equation 29 

 
Where 𝜇𝜇 is the wavelength at which the spectrum is centered (nm) and 𝜎𝜎2 is the 
variance. 
Data fitting was performed with MATLAB data fit tool. For the sake of simplicity, 
Table 34 reports only one set of measurements, at a given distance, with the 
corresponding data fitting results and goodness. 
Measured LEDs relative intensity of emission spectra are reported in Figure 75. 

 
Figure 75 - LEDs emission spectra. 

This combination of LEDs was chosen to study the 420-365nm region better, as shown 
by the overlapping region of the different spectrum. It is possible to notice how the 
emission peaks differ from the central value of the declared interval. Irradiance was 
also measured with a photoradiometer (Delta Ohm, HD2102.2, Padua, Italy) with a 
probe centered in the field of the UV-A (LP471), inside the reactor, for keeping into 
account the effect of the borosilicate glass reactor. This optical window is reported in 
Figure 75 by the dotted line. 
The intensity of the photon energy (𝐸𝐸𝜆𝜆) provided by the different LEDs lights was 
calculated from the inverse relationship between those: 
 

𝐸𝐸 =
ℎ𝑐𝑐
𝜆𝜆

 
Equation 30 
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Where h is Planck's constant and c is the speed of light. The value of these and other 
commonly used constants are  
ℎ = 6.626 × 10 -34 joule·s 
𝑐𝑐 = 2.998 × 108 m/s 

 

Test procedure description 
Once the sample is placed inside the reactor, and the inlet NOx gas 

concentration is stationary, the first led, characterized by the highest µ, is turned on. 
After 15 minutes, it is turned off and the second led is turned on for other 15 minutes. 
Those steps are repeated until the sample has been exposed to all the 6 LEDs. NOx 
and NO concentrations are monitored during the test. A generic schematic of the test 
is shown in Figure 76. 
 

 
Figure 76 - NO and NO2 concentrations during test condition under different LED 

illumination 

 
It is possible to observe in Figure 76 the hydraulic residence time of the photocatalytic 
reactor by the time shift between the moment in which the LED is turned on and the 
begin of the decrease of the NOx concentration. 
NO activity (ANO) is an index to describe the photocatalytic activity toward the 
degradation of NO, in which CNOdark and CNO

lightare respectively the averaged 
concentrations of NO during dark and UV conditions, for each LED. 
 

ANO =
CNOdark − CNO

light

CNOdark
 Equation 31 

 
Similarly, the difference between the NO2 concentration under light and dark 
conditions, normalized on the NO concentration, can be considered as an index related 
to the unwanted NO2 selectivity. As CNO2

light is greater than CNO2dark, the minus in front of 
the equation is to maintain a positive sign to the index. 
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ANO2 = −
CNO2dark − CNO2

light

CNOdark
 Equation 32 

These equations differ from Equation 13 and Equation 14 by the fact that, in this 
experiment, the light characteristics are not constant over time, so the activity is a 
function of these, over time. 

Data elaboration 
By comparing ANOIndex, it has been possible to individuate the wavelength at 

which the photocatalyst activates, so to estimate the bandgap. Two methods are 
reported: 
• by simple observation of which LED interval the photocatalyst activation occurs. 

It is possible to appreciate it when the activity (ANO) is greater than 0.05 
(assumed as a threshold between the minimal observable activity and the 
background noise). This first method is more intuitive; however, it only provides 
an interval of reference, which strictly depends on the chosen LEDs. 

• The second method is proposed to provide a more accurate estimate of the 
activation energy, and it is explained in the following way.  

As the LED emission spectrum is well represented by a normal distribution, the 
cumulative distribution function is given by the following equation: 
 

𝐸𝐸𝑏𝑏,𝜆𝜆�  =
1
2
�1 + erf�

�̅�𝜆 − 𝜇𝜇
𝜎𝜎√2

�� Equation 33 

 
𝐸𝐸𝑏𝑏,𝜆𝜆� represent the total irradiance for 𝜆𝜆< 𝜆𝜆� , in which  𝜆𝜆�  is the largest wavelength, at 
which correspond the minimum energy necessary to activate the photocatalyst.  For 
ease of interpretation, these functions are plotted in Figure 77.  
 

 
Figure 77 - Cumulative distribution function adopted for the representation of different 

LEDs 

 
Assuming that a generic photocatalyst, having a band gap of E0, is activated by 
electromagnetic radiation having a wavelength at 𝜆𝜆 < ℎ𝑐𝑐

𝐸𝐸0
 , it will exhibit photocatalytic 

activity ANO, only when radiated by LEDs 2,3,4,5,6. Moreover, the relation between 
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photon flow (light irradiance) and photocatalytic activity, for 𝐸𝐸𝑏𝑏<1 Wm-2, expressed 
as NO oxidation rate, can be considered linearly dependent [241,242]. 
By computing the goodness of the linear fit between 𝐸𝐸𝑏𝑏,𝜆𝜆� and ANO, for ANO > 0, in the 
interval 350 < �̅�𝜆 < 500 [nm], it is possible to estimate the value of 𝜆𝜆. The goodness 
of fit was evaluated by means of maximizing the coefficient of determination, R2, and 
minimizing standard error, se. To highlight the maximum and minimum of the 
functions, the first derivative was computed. An example is reported in Figure 78. 
 

 

Figure 78 - Determination of the best correlation between E(e,λ ) and ANO by computing the 
coefficient of determination (solid black line), and minimizing the standard error (solid gray 

line). Minimums and maximums are highlighted by the first derivative (dotted lines). 

 
Once 𝜆𝜆 has been estimated, it’s possible to plot the relation between the two variables 
in order to evaluate the fit (Figure 79). 
 

 

Figure 79 - Correlation between ANO and E 

2.4.3 Results 

2.4.3.1 Enhanced removal of VOC 
Employing Equation 21 for fitting the experimental data, an increased 

efficiency achieved by coupling the two processes appears evident.  
It is shown in Table 35 that the decay rates (Blank, PCO, PCO+ESP) depend upon the 
substance considered and by the electrode configuration. Varying the wire to plate 
distance does not affect the photocatalysis, but the combined process. For instances, 
increasing the electrode distance, the induced electric field is weakened. 
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Table 35 - Values of k (min-1), reaction constant according to Equation 21 for several VOCs 

in different test conditions.   

 d 
(cm) 

kblank 
(min-1) 

kPCO 
(min-1) 

kPCO+ESP 

(min-1) 
Toluene 2 -0.0142 -0.0223 -0.0234 
Benzene 2 -0.0240 -0.0301 -0.0302 
Acetone 2 -0.0238 -0.0431 -0.0481 

Acetaldehyde 2 -0.0402 -0.0893 -0.09824 
MEK 2 -0.0206 -0.0474 -0.0523 
MEK 1.5   -0.0602 
MEK 2.8   -0.0486 
MEK 4   -0.0701 

 
From Table 35 it is possible to observe the decrease of the rate by increasing electrode 
distance, reaching approximately, the same value of the kinetics in the absence of the 
electric field, with photocatalysis only. Moreover, the higher value found for d=4cm 
may be because the flow generated by the fan is parallel to the wire, but only a fraction 
of the air flux, between the wire and the grounded electrode, is under the ESP effect 
and conveyed over the catalyst. Now, increasing distance between wire to plate the 
electromagnetic field is weakened, but the whole airflow becomes subjected to it. 
This not intuitive aspect is the rationale for the increase observed in MEK removal 
efficiency. A minimum is reached when the electric field is inadequately strong and 
more than one-third of the inflow air is conveyed above the ESP control.  

CO and CO2 evolution were continuously followed during tests. Depending on 
the photoacoustic transducer employed for monitoring, was found that benzene and 
toluene have interference with CO2 filter, while acetone and MEK have a minor 
influence on the CO filter. All cross-correlations were taken into account. 
Photocatalytic process leads to an incomplete MEK oxidation into CO2 and CO was 
also produced. [CO2]/[CO] ratio is not constant over the time: its maximum is equal to 
80, tending to decrease at increasing time. Similar results were obtained and reported 
by O. Debono et al.[243] and Shang et al. [239]. The efficiency of conversion to CO 
and CO2 is reported in Figure 80.  

 

Figure 80 – Mineralization rate of the different organic compounds under PCO and 
PCO+ESP conditions. 
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Incomplete oxidation to CO2 is evident by the yields of CO2 and CO as final products. 
Although each test was run for approximately 2-hours, only the first hour is taken into 
account for the mass balance, as it is unlikely that in an indoor full-scale application 
longer reaction times may be reached.  
In Figure 81 are plotted efficiencies of MEK removal along mineralization rate, as 
defined in Eq. 6. Data suggests that it is possible to increase the efficiency of MEK 
removal, keeping constant the mineralization rate, by associating the ESP process. The 
highest value of the mineralization rate belongs to the minimum of the kPCO+ESP curve 
in Figure 81. 

 
Figure 81 -  In abscissa is reported the rate of MEK removal, versus the enhancement of the 

mineralization rate, according to Equation 21, for different electrode spacing. 

2.4.3.2 Enhanced removal of NOx 

NO removal efficiency and NO2 production 
At first, the NO reduction efficiency will be discussed. Many tests have been 

conducted, varying: (i) the ESP wire-plate distance; (ii) the inlet NOx mass flux; (iii) 
the empty bed residence time. 

The distance between the plate and wire has been varied keeping constant the 
applied voltage and the NO massic flow inside the reactor. This modification changed 
the strength of the electric field and ozone production. 

 
Figure 82 – Effect of the electrode spacing in the NO removal efficiency and NO2 production 

In Figure 82 it is possible to observe how during the PCO-only phase, the NO 
removal efficiency is constant, so to the NO2 production, while during the ESP-only 
phase, NO removal efficiency highly increases with decreasing distance between the 
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wire and plate. With the combined phase, it is possible to reach the highest efficiency 
of NO removal, with a lower NO2 production.  
Generally, by introducing the ESP, NO2 selectivity increases. In the case of ESP-only, 
values higher than 100% are observed. With the combined use of ESP+PCO, 
selectivity remains close to zero. 

In this set of experiments, the inlet mass flow rate was varied in the range 0.82-
1.59 μgNOx min-1. Figure 83 illustrates the results obtained. 

 

 
Figure 83 - Effect of the mass flow in the NO removal efficiency and NO2 production 

It can be observed that: the overall NOx reduction efficiency is comparable in both 
cases. As already mentioned, combining ESP with UV gives the best results: high 
removal rate (in the range of 80-90%) and low NO2 selectivity (an average of 7%). 
The selectivity in ESP-only operating mode reaches and exceeds a value of 100%. The 
explanation is given by the ESP-generated ozone which reacts with NO to produce 
NO2 and by the plasma-generated of oxygen and nitrogen radicals and their 
recombination in forming nitrogen oxides.  

O3 production 
As previously reported in paragraph 1.2.1, the ESP wire-plate configuration 

generates ozone. Analyses have been conducted with the purpose of determining the 
ESP ozone production with and without the UV illumination over the TiO2 catalyst. 
As reported in the literature [232,244,245], ozone is destroyed by TiO2 when exposed 
to UV irradiation; an explanation was given by Forni et al. [246] which studied the 
reduction of ozone by hydrated electrons. The reaction results in the formation of the 
ozonide radical, followed by the production of additional OH• . Table 1 reports ̀ the 
ESP ozone generation rates with and without the presence of PCO. The experiments 
were conducted varying distance between plate and wire. All generation rates were 
observed constant with the time.  
 

Table 36 - Ozone generation rate for every different plate/wire configuration, during ESP-
only and ESP+PCO phase. 

Wire-plate 
distance (cm) 

ESP 
 (µg min-1) 

ESP+PCO  
(µg min-1) 

1.5 2.53 0.96 
3 0.16 0.10 
4 0.00 0.00 
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As we can see from Table 1, at a fixed potential, the increase of the electrode distance 
affect the ozone production rates, by diminishing them.  
Figure 84 shows the ozone concentration at different working conditions, in the 
presence and absence of NOx. 
 

 
Figure 84 - UV- only, ESP-only and UV+ESP ozone evolution in the presence or absence of 

NOx. 

Combining ESP and UV a maximum ozone reduction of 62% could be obtained.  
The highest O3 concentrations are reached during ESP-only mode in the absence of 
NOx, while during UV-only mode, ozone levels are comparable to those naturally 
present in the atmosphere. 
Combining ESP and UV the presence of nitrogen oxide halves the O3 levels (since part 
of it react with NO to produce NO2). 

NO oxidation by O3 
When the NOx test is protracted for three hours in PCO+ESP conditions, NO2 

concentrations are unstable and tend to rise. For this reason, additional tests were 
conducted maintaining for 3 hours the active phases (PCO+ESP or PCO). It was found 
a linear correlation between the amount of O3 monitored and the NO2 produced during 
the active phase.  

 
Figure 85 - Correlation between NO2 produced and O3 monitored during a three hours test 

The linear relationship between ozone and nitrogen dioxide produced pointed 
to ozone as the responsible for the increased reactivity since it constitutes a preferential 
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path in the oxidation of NO to NO2, without passing through the intermediate oxidation 
state of HNO2 (nitrous acid). 
 

 
 

Figure 86 - Suggested reaction pathway for NO oxidation 

Nitrate effect on TiO2 catalysis. 
As previously suggested, the ozone generated directly oxidizes NO to NO2 

within the gas phase. The shorter pathway avoids the production of NO2
- characteristic 

of the photocatalytic process.  
Further evidence comes from the nitrates to nitrites ratio found analyzing water 
extraction of the surface samples. The analyses show that the relationship between 
nitrate and nitrite depends on the amount of ozone produced: the higher the amount of 
O3 produced, the higher is the NO3

-/NO2
- ratio (Figure 87). 

 

 
Figure 87 - O3 generated by ESP in the presence of TiO2 under illumination, versus nitrate 

over nitrite ratio. Nitrate and nitrite have been determined in the water lecheate of the 
surface of the catalyst 

The effects of nitrate ions (NO3
-) on the selective catalytic NOx reduction by TiO2 

catalyst were studied, preparing an aqueous solution of Mg(NO3)2 (840mg/l). The 
TiO2-painted surfaces were added with the different amount of the solution and dried 
using an infrared lamp. 
The efficiency and selectivity measured indicate that higher is the number of nitrates 
added, lower is the NO reduction and higher the NO2 selectivity as shown in Figure 
88. 

https://media.springernature.com/original/springer-static/image/art:10.1007/s11356-016-7880-x/MediaObjects/11356_2016_7880_Fig7_HTML.gif
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Figure 88 - Reduction of NO removal efficiency and an increase of NO2 selectivity related to 

the catalyst inhibition by the addition of nitrates. 

These findings agree with the work of other authors [247,248] who have reported that 
the presence of some inorganic salts may reduce the efficiency of the TiO2 catalyst. 
This is due to the inhibition of the photocatalyst by the scavenging action of NO3

− to 
the •OH radical or due to the characteristic nitrite absorption band, between 270 and 
300 nm, which limit the maximum number of photons may reach the photocatalyst 
surface. 

The Langmuir-Hinshelwood (L-H) model 
The range of NOx inlet flow rate was varied from 1.0 to 2.3 l/min. Reynold 

numbers associated with these inflow values were calculated by the following relation: 
 

𝑅𝑅𝑐𝑐 =
𝑑𝑑ℎ𝑣𝑣𝑎𝑎𝑙𝑙𝑏𝑏
𝜈𝜈𝑎𝑎𝑙𝑙𝑏𝑏

=
4𝐴𝐴
2𝜋𝜋𝑐𝑐

𝑄𝑄𝑙𝑙𝑏𝑏
𝐴𝐴

𝜈𝜈𝑎𝑎𝑙𝑙𝑏𝑏
=

2𝑄𝑄𝑙𝑙𝑏𝑏𝜌𝜌𝑎𝑎𝑙𝑙𝑏𝑏
𝜋𝜋𝑐𝑐 𝜇𝜇𝑎𝑎𝑙𝑙𝑏𝑏

 
Equation 34 

 
Where 𝜈𝜈𝑎𝑎𝑙𝑙𝑏𝑏 is the fluid velocity, 𝑑𝑑ℎ is a characteristic linear dimension approximated 
by the hydraulic diameter of the reactor, 𝑐𝑐 is the radius of the reactor, 𝑄𝑄𝑙𝑙𝑏𝑏 is the inlet 
reactor flux and  is the air kinematic viscosity assumed equal to 1.58 10-5 m2/s. The 
Reynolds number obtained ranges from 30 to 70, which indicates a laminar flow inside 
the reactor.  
By assuming that the reactions are not mass-transfer limited and because the reactor 
chamber can be approximated to a plug-flow reactor, the reaction rate can be written 
as:  

𝑐𝑐 =
𝑑𝑑𝐶𝐶
𝑑𝑑𝑐𝑐

= 𝑢𝑢
𝑑𝑑𝐶𝐶
𝑑𝑑𝑑𝑑

=
𝑄𝑄
𝑊𝑊
𝑑𝑑𝐶𝐶
𝑑𝑑𝑑𝑑

 Equation 35 

 
Where Q is the flow rate, and W is the surface of the catalyst.  
Humidity is considered constant for all the experiments, so competitive adsorption by 
H2O is not taken into account. Hence, by combining Equation 26 with Equation 35, 
and integrating, Equation 36 was obtained, and it was linearly interpolated for 
obtaining k and K [249]. 

𝑉𝑉
𝑄𝑄(𝐶𝐶𝑙𝑙𝑏𝑏 − 𝐶𝐶𝑜𝑜𝑏𝑏𝑏𝑏)

=
1
𝑘𝑘𝐾𝐾

ln � 𝐶𝐶𝑙𝑙𝑏𝑏𝐶𝐶𝑜𝑜𝑏𝑏𝑏𝑏
�

𝐶𝐶𝑙𝑙𝑏𝑏 − 𝐶𝐶𝑜𝑜𝑏𝑏𝑏𝑏
+

1
𝑘𝑘

 
Equation 36 
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The goodness of the assumption that PCO and PCO+ESP reactions fit the L-H rate 
form is underlined by the R-squared coefficient reported in Table 37.  
 
Table 37 - Reaction rate constant, k, and the adsorption constant, K, calculated for the NO 

removal by the TiO2-coated aluminum plate 
 

k K R2 
mgNO m−3 s−1 m3 mgNO −1 

PCO 0.882 1.47 10−3 0.736 
PCO + ESP 3.37 1.60 10−3 0.720 

 
As shown, the K adsorption constant, results almost equal for both PCO and PCO+ESP 
processes, differently from the reaction rate where PCO+ESP results four times higher 
(3.37 mgNO m-3 s-1) than that computed in PCO-only (0.882 mgNO m-3 s-1). These values 
are comparable to the ones found by Hüsken et al. [249]. The enhanced reaction rate 
observed in the combined process can be due by the formation of ionized reactive 
species, which intervene in the overall reaction pathway.  

2.4.2.3 Multi-LED reactor 

Nitrogen Oxides Abatement 
Nitrogen oxides removal indexes, obtained according to the Italian Standard 

UNI11247, have been determined equals to 36%, 41%, 43%, 46%, respectively for 
hTiO2, hSiO2/TiO2, P25, KRONOClean7000® samples. 
Nitrogen oxides removal indexes, obtained according to the procedure described in 
Section 2.4, are reported in Table 38. It was found that: 

• the amount of NO2 generated is higher at higher wavelengths; 
• to a higher NO activity corresponds to a higher production of NO2 
 

Table 38 - Calculated photocatalytic NOx abatement indexes. 

LED hSiO2/TiO2 P25 KRONOClean7000 hTiO2 
Name Peak (nm) ANO ANO ANO ANO2 ANO ANO2 ANO ANO2 
LED 1 467 0.00 0.00 0.05 0.01 0.27 0.17 0.00 0.00 
LED 2 424 0.06 0.00 0.30 0.22 0.27 0.17 0.00 0.00 
LED 3 402 0.16 0.05 0.31 0.11 0.29 0.14 0.01 0.00 
LED 4 379 0.30 0.08 0.33 0.06 0.30 0.07 0.17 0.05 
LED 5 378 0.27 0.10 0.34 0.06 0.30 0.05 0.10 0.06 
LED 6 371 0.27 0.11 0.34 0.07 0.30 0.04 0.13 0.06 
 
By plotting values reported in Table 38 and Figure 89, it is possible to have a 
straightforward view of the material goodness: the score shape describe the sample 
and the color label the LED used. High ANO scores and low ANO2 scores are desirable. 
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Figure 89 - Activity indexes grouped by sample and UV light. 

Bandgap Estimation 
The band gaps were obtained by plotting (Khν)1/2 versus the energy of absorbed 

light are approximately 3.05 and 3.25 eV, respectively for the P25 and the two titania 
synthesized by the hydrothermal method. The KRONOClean shows a bandgap of 2.32 
eV. 
Results of the bandgap estimation, by minimizing the standard error and maximizing 
the coefficient of determination, are reported in Table 39. Estimated bandgap energies, 
(𝐸𝐸𝜆𝜆 ,𝑏𝑏𝑥𝑥𝑏𝑏) fall in the determined activation ranges and they are compatible with the values 
obtained through UV-vis spectroscopy or the one reported in the literature (𝐸𝐸𝜆𝜆). 
 

Table 39 - Results from the bandgap estimation. 

Sample Activation Range 𝝀𝝀𝒆𝒆𝒆𝒆𝒆𝒆 (nm) 𝑬𝑬𝝀𝝀 ,𝒆𝒆𝒆𝒆𝒆𝒆 (eV) 𝑬𝑬𝝀𝝀 (eV) Ref. 
P25 LED 1 < 𝝀𝝀 < LED 2 422 2.94 3.05 [250] 

KRONOClean7000® 𝝀𝝀 > LED 1 >467 <2.65 2.32 [251] 
hSiO2/TiO2 LED 2 < 𝝀𝝀 < LED 3 382 3.25 3.20  

hTiO2 LED 3 < 𝝀𝝀 < LED 4 382 3.25 3.25  
Anatase    3.2 [252] 
Rutile    3.0 [252] 

 
Figure 90 shows the comparison between the proposed method and the NOx 

standard (a) and to the Kubelka-Munk estimation (b). By increasing the number of 
LEDs having emission peak close to the correspondent expected photocatalyst 
bandgap, it is possible to estimate its value better. For instance, as 
KRONOClean7000® exhibits photocatalytic activity since the first LED is turned on, 
it is not possible to individuate the end of the activation interval, while the method 
provides a good estimation for hSiO2/TiO2, hTiO2, P25 with, respectively, 4, 4 and 5 
different LED emission spectrum possess enough energy to activate the samples. 
The imperfect correspondence between the two procedures, reported in Figure 90-a, is 
because two different samples were prepared for the two different tests and different 
lamps were used. 
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 a) b) 
Figure 90 - (a) Activity indexes grouped by the sample and UV light, (b) relation between 

the band gap estimated by diffuse UV-visible spectroscopy and the proposed method. 

NO Activity 
It is well known that anatase shows a higher photocatalytic activity [253,254] 

than rutile. At 422 nm (2.94 eV) P25 shows photocatalytic activity, as rutile is reported 
to activate at 3.0 eV [255,256] and it slightly increases with lowering the wavelength. 
The silica/titania composite (hSiO2/TiO2) and the single titania (hTiO2) exhibit similar 
photocatalytic activity. Despite the amorphous nature of the silica in the composite, 
XRD diffractogram indicates the presence of anatase, by the peak at 2θ = 25.32. 
KRONOClean7000 is C-modified anatase, and it was found to be active already at the 
first LED irradiation, with λ > 467 nm. 

NO2 Selectivity 
The commercial KRONOClean7000, despite its low bandgap making it 

suitable for indoor applications, exhibits a high production of NO2 (17.36%) at high 
wavelengths. At lower wavelengths (λ < 379 nm) unwanted NO2 selectivity decreases 
to 4.2%. A similar behavior belongs to the P25, with the only difference that it activates 
between 424 and 427 nm. This can be due to the typical ternary composition of P25, 
where anatase, rutile, and amorphous TiO2 are present in an average ratio of 78:14:8 
[250] and the higher production of NO2, as well the lower mineralization of organic 
compounds, it is linked to the presence of rutile [250,257]. However, the increased 
selectivity into NO2 by higher wavelengths was also confirmed by Tseng et al. [258]. 
For the hSiO2/TiO2 sample, where TiO2 in anatase form is deposited over a silica 
substrate, NO2 production is lower (11%); similarly for the hTiO2 sample obtained 
through the same hydrothermal method, but without the silica substrate, which shows 
a lower production of NO2. However, this aspect is easily explained by the fact that 
efficiency is also lower. 

Bandgap estimation in the presence of an external electric field 
Once the previously described method, for the estimation of the bandgap, has 

been validated, the support carrier, described in paragraph 2.4.2.2, was placed inside 
the reactor, in order to apply an electric field on the photocatalyst. A potential of 3kV 
was applied to the discharge electrode. 
A proper amount of P25 was deposited on the aluminum support by subsequent drying 
of the TiO2/water solution. 

P25
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KRONOClean7000®R² = 0.8087
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Since the presence of ESP generates ozone, which in turn reacts with the NO, the 
photocatalytic activity has been calculated, point by point, taking into account the NOx 
concentration instead. Figure 91shows the trend of the photocatalytic activities, in the 
presence (light blue) and absence (grey) of the electric field. On the right, in the second 
ordinate, is reported the peak wavelength of the lit LED. 
 

 
Figure 91 - Trend of the photocatalytic activities in the presence (light blue) and absence 

(grey) of the external electric field 

It is possible to notice that, in the presence of the electric field, the P25 shows an 
increased activity already when illuminated by the second LED (peak at 424 nm). 
According to the error minimization procedure (reported in Figure 92), the best fit was 
found for 𝜆𝜆𝑏𝑏𝑥𝑥𝑏𝑏 equal to 377 and 413 nm, respectively for the catalyst in the absence 
and presence of the electric field. This corresponds to a decrease of the bandgap energy 
equal to 0.29eV (from 3.29 to 3.00eV). 
 

 
Figure 92 - Correlation between ANOx and E in the presence (blue) and absence (grey) of the 

electric field. 

2.4.4 Discussion 
Coupling photocatalysis with an external electric field results in an 

enhancement of the removal rate of gaseous pollutants, such as VOCs and NOx. Such 
enhancement depends on the nature of the pollutant, on the reactor geometry, on the 
intensity of the electric field.  

Effect on VOCs 
By coupling the use of electrostatic filtration and photocatalysis in situ, it was 

found that:  
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• Degradation level of VOC by PCO strictly depends on the substance itself. 
Aromatic hydrocarbon like benzene and toluene, have the lowest efficiency, 
aliphatic ketones like MEK and acetone are more easily decomposed. 

• Coupling an electromagnetic field can augment photocatalysis. The efficiency 
increment depends upon the substance, the strength of the electric field and the 
geometry of the reactor. The highest increase in efficiency belongs to MEK 
(47.7%), the lowest to benzene (0.4%).   

• At the same mineralization rate, the ESP increases VOC removal rate, while 
slowing down the catalytic reaction consent an increase of the VOC 
mineralization into final products, such as CO2. 

Effect on NOx 
The photocatalytic NOx conversion to NO3

- by TiO2 coated surfaces has been 
proposed for reducing the environmental pollution. This work aimed to investigate if 
and how it was possible to increase the efficiency of this process, combining it with 
the electrostatic process in hybrid technology. The results obtained show that: 
• NO removal efficiency by photocatalytic oxidation reached a value of 60% 

while selectivity into NO2 is generally disadvantaged; with only-ESP, due to 
micro discharge, additional NO2 may be produced from atmospheric N2. Ozone 
production, as well as NO2 production, are strongly related to the intensity of 
the electric field. 

• A linear correlation shows how NO2 produced and ozone generated are related. 
Their production over time is constant and is linked to the formation of nitrites 
and nitrates on the surface of the catalyst. As final products, the accumulation 
of these anions on the surface of the catalyst, shifts the reaction equilibrium 
towards the NO2, such that it is possible to appreciate the increase of its 
concentration over time. Since ozone oxidizes NO to NO2, an increase in NO2 
leads to lower consumption of O3 and an accumulation of the former. This may 
explain the correlation of these species. 

• With the PCO+ESP configuration, only NO2
- and NO3

- were observed as final 
products. Catalyst de-activation and loss of selectivity have been attributed to 
the accumulation of nitrate on the active surface.  

Effect of the electric field on the bandgap 
A novel method and protocol to estimate a photocatalyst bandgap, by correlating 

the photocatalytic efficiency, evaluated as removal of NOx, with the intensity of the 
irradiation provided by an array of LED characterized by different emission peak, has 
been developed and tested.   

After a good correlation between the estimated values of bandgap and those 
obtained using the Tauc method has been demonstrated, the developed protocol was 
used to evaluate the change in the TiO2 bandgap, in the presence and absence of an 
applied electric field. 

Numerically, it has been modeled that the application of an electric field can 
reduce the bandgap of the TiO2 to zero for an electric field strength equal to 0.25 eV 
[234]. 
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Experimentally, in this study, the application of an electric field to the TiO2 has shown 
photocatalytic activity when irradiated with light having a longer wavelength, than in 
the absence of an electric field. This increase may be due to the Franz-Keldysh effect, 
which turns in a narrowing of the band by 0.29eV.  
 
  



112 2.5 Combined process 
After studying the synergistic effects of each coupled process, all three 
processes were applied simultaneously in the same reactor. Since it is 
well known that the goal of the electrostatic precipitation is the 
removal of particulate matter, this aspect will be omitted in the 
discussion, to focus on the synergistic effect operating to the gaseous 
pollutants. This final paragraph about the study and optimization of 
the synergies will discuss the following points: 
• The choice of material influences both the configuration (and 

intensity) of the electric field and its stability over time. In 
particular, the greater is the permittivity of the support material, 
the greater is the effectiveness of NOx removal; the greater is the 
adsorbent capacity of the material, the longer the process will be 
stable, avoiding the formation of unwanted by-products; 

• The application of TiO2 on an activated carbon cloth by simple 
impregnation proved to be the simplest and most effective 
technique at the same time. The addition of graphene oxide can 
improve the electrical conductivity of the composite and increase 
the efficiency of pollutant removal; 

• As the application of the electric field constitutes an additional 
external force toward the adsorbent material, its application may 
enhance the adsorption, as inhibit the desorption of the reaction 
products. 

 
2.5 Combined process 

2.5.1 Introduction 

2.5.1.1 Appraisal of the hybrid combined process 
The purpose of this paragraph is to study the combination of the TiO2 

photocatalysis with the electrostatic and adsorption processes, in order to improve 
efficiency and reliability. Operating these three techniques in a single “hybrid” stage 
may be possible to achieve higher and durable removal efficiency and increase 
oxidation into harmless compounds [259–261].  

To get an overview of the process, four different support materials were used, 
with the aim to highlight which features are the most important to take into account in 
assessing the effectiveness of the process. In order to apply the same amount of TiO2, 
homogeneously and durable, on all the supports, a solution composed of TiO2, water, 
and dispersant was prepared ad hoc, and then applied with a brush on the various 
supports. 
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2.5.1.2 Activated carbon cloth/TiO2 composite 
After having carried out the previous tests, the activated carbon cloth was 

chosen as adsorbent material and support on which deposit the photocatalyst, due to 
the high adsorption capacity, good electrical properties, and the self-supporting 
characteristic. 
The aim is to capture the adsorptive effectively, and then further decompose the 
adsorbate by the action of the photocatalyst so that the original adsorption site of the 
active carbon can be regenerated.  
Activated carbon-supported TiO2 composite coupled with plasma has been used by 
few Authors in order to study the degradation of toluene [262], ethylene [263], phenol 
[264], NOx [265], chloroform [266] and chlorinated-VOC [267]. 
In order to increase the electrical conductivity of the ACC and to enhance the TiO2 
activity [268], in this last part of the study, graphene oxide, was added to the aqueous 
TiO2 solution, before impregnating the ACC. The effect of the catalyst and the 
graphene loadings on the oxidation of MEK and NOx was evaluated. 

2.5.2 Materials and methods 

2.5.2.1 Appraisal of the hybrid combined process 
TiO2 (Degussa P-25) (40g), a primer (30g) and deionized water (400ml) were 

mixed to make a slurry used for painting plate supports. An aluminum (Al) and 
graphite (G) plates, a commercial activated carbon fabric sample (AC) and 
polyethylene support (PE), all having 10x10cm dimension, are coated with the 
described slurry and air-dried for two days. The average coating load is approximately 
4.0±0.3 mg cm-2. 

Two reactors were used to evaluate the single and combined processes. For 
monitoring the ozone production and evaluating the NOx removal efficiency, a plug-
flow reactor described by the Italian standard UNI 11247 has been used (previously 
described in paragraph 2.3.2).  The only difference, is the presence of a tungsten wire, 
on which is applied a specified electric potential, over the sample. 

 

 
Figure 93 – NOx photo-electro catalytic reactor 

Test procedures were fully described previously (Paragraph 2.4.2). Briefly, for 
the NOx removal test, every single test runs continuously for 3h and it is divided into 
5 different phases: (I) NO and NO2 reach constant concentrations, (II) UV lamp is 
turned on, to activate the TiO2 photocatalysis (PCO), (III) ESP is turned on jointly with 
the UV lamp, (IV) UV lamp is turned off while ESP remains still on, (V) ESP is turned 
off with the NO and NO2 stabilizing at the initial concentrations. 

The NO removal rate (𝑘𝑘𝑁𝑁𝑂𝑂) and the NO2 production rate (𝑘𝑘𝑁𝑁𝑂𝑂2), were calculated 
as follows: 
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𝒌𝒌𝑵𝑵𝑵𝑵 = 𝑄𝑄
𝐶𝐶𝑁𝑁𝑂𝑂
𝑜𝑜𝑒𝑒𝑒𝑒 − 𝐶𝐶𝑁𝑁𝑂𝑂𝑜𝑜𝑏𝑏

𝐴𝐴 
 

Equation 37 

 

𝒌𝒌𝑵𝑵𝑵𝑵𝟐𝟐 = −𝑄𝑄
𝐶𝐶𝑁𝑁𝑂𝑂
𝑜𝑜𝑒𝑒𝑒𝑒 − 𝐶𝐶𝑁𝑁𝑂𝑂𝑜𝑜𝑏𝑏

𝐴𝐴 
 

Equation 38 

 
Where, Q is the inlet flux, constant and equal to 1.5 l min-1, 𝐶𝐶𝑙𝑙

𝑜𝑜𝑒𝑒𝑒𝑒 is the concentration 
of the i-specie in stationary condition without electric field and irradiation, 𝐶𝐶𝑙𝑙𝑜𝑜𝑏𝑏 is the 
concentration of the i-specie with the electric field and/or UV irradiation and A is the 
sample exposed surface. 

As selectivity is an important parameter to take into account, the production of 
NO2, as an unwanted product, was monitored. Visible-light photocatalysts have been 
under great observation because of their possible application in indoor conditions; 
however, their effective beneficial provision must be questioned. Bloh et al. [257] 
arbitrarily assigned a relative toxicity ratio of 1:3, for NO and NO2. For this reason, 
systems characterized by high activity, but low selectivity into final products (nitrates) 
could potentially increase the indoor air toxicity by the formation of NO2. The 
application of photocatalytic materials in cement matrices can occur by the combined 
use of materials with high adsorbent capacity [65]. 
Each singular test, for a specific process, is represented as a point characterized by the 
coordinates (𝑘𝑘𝑁𝑁𝑂𝑂, 𝑘𝑘𝑁𝑁𝑂𝑂2). The location in the lower-right side of the plot is considered 
favorable, as it denotes  high efficiency in NO conversion together with low NO2 
production. The color of the point score represents the process, while the shape is 
associated of the support material.  

2.5.2.2 Activated carbon cloth/TiO2 composite 
The procedure to prepare the ACC/GO/TiO2 composite method was described 

in paragraph 2.3.2.4. The list of the different combinations between TiO2 and GO is 
reported Table 40. 
 

Table 40 – Description of the ACC/GO/TiO2 composite   

Sample 
name 

mGO 
(g) 

mTiO2 
(g) 

REF 0 0 
GO 0.17 0 
GO 0.17 0 
P25 0 0.17 
P25 0 0.17 

GO+P25 0.17 0.17 
GO+P25 0.17 0.17 
GO+P25 0.17 0.17 
GO+P25 0.17 0.17 
GO+P25 0.17 0.17 

Sample 
name 

mGO 
(g) 

mTiO2 
(g) 

GO+P25 0.17 0.17 
GO+P25 0.17 0.17 

GO+3P25 0.17 0.5 
GO+5P25 0.17 1 
GO+11P25 0.17 2 
3GO+P25 0.5 0.17 
2GO+P25 0.35 0.17 
2GO+5P25 0.35 1 

2GO+11P25 0.35 2 
3GO+5P25 0.5 1 

3GO+11P25 0.5 2 
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After the NOx removal efficiency was evaluated, six 50x100mm ACC composites, 
with the optimal amount of GO and P25 previously determined, were tested to 
determine the augmented removal efficiency of MEK. Table 41 reports the test 
conducted. It is possible to notice the absence of the PCO+ESP test, because of the 
ACC use, which makes it impossible to isolate the adsorption. Only for this test, the 
ACC from REMA Filtration was used. 
 
Table 41 - Summary of the MEK removal tests conducted with the ACC/TiO2/GO composite 

 0kV 7kV (ESP) 
Only ACC blank blank+ESP 

ACC+MEK ADS ADS+ESP 
ACC/P25/GO/MEK ADS+PCO ADS+PCO+ESP 

 
The same instrumentation (SEM, FTIR and Raman spectroscopy) was used to 

characterize the samples. Moreover, to quantify the amount of adsorbed species in the 
ACC and to ascertain the presence of eventual reaction byproducts, a Gas 
Chromatography (GC) analysis has been conducted.  

Two small stripes of ACC (approximately 150mg) were weighed and introduced 
into a 2ml glass container, which was filled with a known amount of CS2 in order to 
desorb the organic compounds previously adsorbed in the ACC. After a sufficient 
contact time, 2µl of the solution were collected by a micro-syringe and analyzed with 
a Carlo Erba gas chromatograph (Flame Ionization Detector, injector split 1:15, carrier 
flow 2 mL/min, capillary column, 25 m × 0.32 mm, 0.52 μm cross-linked methyl 
siloxane, isotherm condition 50 °C). 

2.5.3 Results 

2.5.3.1 Appraisal of the hybrid combined process 

Scatter plot of NOx efficiencies 
The scatter plot of NOx efficiencies is reported in Figure 94. Conversion 

efficiency by the process (PCO-only, ESP-only, PCO+ESP) and by support materials 
are represented by a point in the plot. 
All supports (activated Carbon, aluminum, graphite, PVC) have been superficially 
treated with the same TiO2 slurry. Their photocatalytic behavior appears similar, as 
highlighted by their clustered position in the plot (blue), while the ESP-only phase 
process is characterized by a larger dispersion (grey). The black score cluster on the 
bottom right of the plot shows the combined PCO + ESP phase.  

The higher dispersion observed is explained by Figure 95, where a third 
parameter, the electrodic distance, is introduced.  
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Figure 94 – Scatter plot of NOx efficiencies. Colors are indicative of the process, the shape 

of the support material; ●Aluminium, ■Activated carbon, ▲Graphite, + PVC 

Effect of the electric field intensity 
Coupling the PCO+ESP leads to higher NO conversion efficiencies (Figure 95-

left) and a lower NO2 production when compared to ESP-only process (Figure 95-
right). The highest NO conversion efficiency achieved with the AC, Al and G support 
is found between 90% and 94%. None electrodes distance effect was observed with 
the PE support material; probably this may be due to the dielectric property of this 
material.  

 
Figure 95 - NO conversion efficiency and the NO2/NO ratio at different electrodes distance 

Effect of the electrode material 
With the aim to distinguish the effect of the different support material, longer 

tests were realized. In Figure 96 the NO, NO2, NOx concentrations at the reactor outlet 
of the PCO+ESP phase during 6 hours of continuous observation are reported. 
It is interesting to note the temporal NO2 drift when using the aluminum support: its 
final concentration value (0.240ppm), is five times higher than the initial (0.049ppm). 
Differently, a slighter concentration increase is observed when using graphite, with a 
NO2 doubling at the end of the test. No visible increase is found with the activated 
carbon support. The adsorptive capacity of support materials can explain the 
differences observed: higher adsorption capacity can hold the NO2 produced or the 
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photocatalytic end-products of the reactions, like nitrates, may lower the inhibitory 
effect [269]. 

 
Figure 96 - NOx, NO, NO2 concentration, during the PCO+ESP phase, at the reactor outlet 

O3 removal 
The ozone production was monitored in the same plug-flow reactor used for 

the NOx test, varying the support material and the test conditions. After having reached 
a stationarity concentration of the ozone generated by the ESP-process, illuminating 
with the UV light, a sharp decrease is observed. 
It is also found that the ozone generated by the ESP configuration is congruent to the 
wire to plate distance ratio: shorter distance increases the electric field strength and the 
ozone production. Moreover, when the same TiO2-coated media is activated by UV 
light, with the same ESP configuration, lower ozone levels are detected. 
Ozone reduction obtained by the different coated material is reported in Table 42. It is 
worth noting that the ozone generation with the ESP process varies between the 
different support material employed (0.195–0.336μg/min), while it is reduced at a 
constant value with the combined ESP+PCO process (0.112–0.165μg/min). 
 

Table 42 - Ozone production for the different materials coated with the TiO2 mixture 
 

Ozone generation (μg/min) 
Ozone 

reduction 
(%) 

Environmental 
concentration ESP-only PCO + ESP 

Mean SD Mean SD Mean SD 
Aluminum 0.017 0.013 0.336 0.011 0.112 0.005 67 

Activated carbon 0.195 0.005 0.157 0.004 20 
Graphite 0.227 0.01 0.165 0.007 28 

According to Guo et al. (2006), ozone can increase photons efficiency of the 
photocatalytic process, and it can react with other active species in order to produce 
additional ●OH radical and to reduce the ozone output. 
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2.5.3.2 Activated carbon cloth/TiO2 composite 

Adsorbent morphology 
Figure 97 and Figure 98 collects the samples SEM picture at different 

magnification. For a better comparison, they have been reported separately. SEM 
observations confirmed the absence of remarkable modification in the activated carbon 
morphology between the raw sample with the application of the electric field (a,b), as 
previously reported in paragraph 2.2. The presence of MEK does not affect the 
morphology as well (c-d).  
 

 
Figure 97 - SEM pictures of the ACC (a) blank, (b) blank+ESP, (c)ADS, (d)ADS+ESP, 

(e)ADS+PCO, (f)ADS+PCO+ESP at 250x magnification 
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TiO2 has a characteristic particle diameter of between tens and several hundred nm. 
The agglomeration of bigger TiO2 particles is observable on the activated carbon 
surface and over the fibers (e-f). The photocatalyst covering results in a smoother 
surface so that smaller holes are hardly observable. For this reason, the porosity may 
be negatively affected by such coverage. 

 
Figure 98 - SEM pictures of the ACC (a) blank, (b) blank+ESP, (c)ADS, (d)ADS+ESP, 

(e)ADS+PCO, (f)ADS+PCO+ESP at 1000x magnification 
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Raman spectroscopy 
The Raman spectra of composites ACC+P25+GO is presented in Figure 99. 

The specific vibration modes are located at around 159 cm-1, 400 cm-1, 510 cm-1, and 
630 cm-1, indicating the presence of the anatase phase in all of these samples, together 
with two peaks at 220 cm-1 and 610 cm-1 assigned to the rutile phase. It is known that 
P25 contains both phases in the different amount [250]. The D and G peaks belonging 
to the activated carbon are not as sharp as for the bare ACC (paragraph 2.2.3), but they 
overlap with other two peaks, probably related to the graphene oxide. 
A plasma can create oxygen vacancies into TiO2 and electrons may be trapped on these 
vacancies, enhancing the electron-hole separation process [270]. However, the 
different peaks in the 100-850cm-1 region may be due to inhomogeneities of the 
catalyst, while the D and G peaks shifts are attributable to the application of the electric 
field, as reported previously in paragraph 2.2.3.  

 
Figure 99 - Raman spectra of the composite samples, with and without the application of the 

electric field 

FTIR spectroscopy 
Figure 100 shows the FTIR spectrum of the fresh composite after the MEK 

adsorption and degradation and the composite with the same treatment with applied 
the electric field. A major band is clear around 1715 cm−1, which is related to the C=O 
stretching, characteristic both from the activated carbon surface, both from the MEK 
adsorbed. It is interesting to see that with the application of the electric field, this 
intensity is lower, perhaps because of the mineralization of the MEK. 

As a consequence of the application of the electric field, this peak should 
increase of intensity, as new functional groups are formed on the carbon surface. 
However, since the surface is covered with TiO2, the formation of functional groups is 
hindered. A weak peak is reported at about 1450cm-1, due to the C-H bending of the 
methyl group. Also this peak decreases with the application of the combined process. 
A similar trend is reported in between 1145 and 1200 cm−1, which can be attributed to 
the C-O stretching. 
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Figure 100 - FTIR spectra of the composite with and without the application of the electric 
field 

GC analysis 
Peaks height were multiplied by the CS2 volume used to extract the organic 

compounds from the ACC and normalized on the ACC weight. These values are 
reported in Table 43. 

 
Table 43 – Peak area of GC analysis.  

Peak ID X1 ACC X2 X3 CS2 MEK X4 X5 
Retention time (min) 1.18 1.26 1.33 1.39 1.55 1.71 1.86 2.07 

 Area x1000 
ADS+PCO+ESP 39.2 46.6 10.8 13.3 6329 3973 53.4 9.2 

ADS+PCO 11.7 49.7 3.0 8.1 5591 3809 35.3 5.2 
ADS+ESP 24.6 9.5 8.7 6.5 7408 3818 34.2 5.6 

ADS 12.3 13.9 6.0 8.1 5843 2990 58.5 8.8 
blank+ESP 0.0 12.1 1.2 2.8 2134 0 19.7 0.0 

blank 0.0 16.2 2.0 16.8 3177 0 31.3 0.0 
*STD peak heights were not normalized on the ACC weight 

 
It is possible to identify two main peaks: the solvent peak (CS2) at 1.55 min and the 
MEK peak just after, at 1.71 min. The peak at 1.26 is due to some compound present 
in the ACC, as it is not present in the standards. All the other peaks are may be due to 
the presence of other impurities in the solvent or be adsorbed reaction products. It is 
interesting to see that the higher amounts of MEK and X1 were found in the samples 
with the electric field applied. The peak at 1.55, attributed to the CS2, shows a similar 
trend; while it is representative of the solvent used for the extraction, due to its large 
relative amount, it may overlap other peaks produced by the MEK oxidation. Another 
interesting feature is the peak at 1.26min, attributed to the ACC, but it may depend as 
well by the GO presence or by other lighter oxidation products. 
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Photocatalytic activity: NOx removal 
 NOx degradation by photocatalytic activity of the composite was evaluated by 
varying the GO and TiO2 ratio. 
In assessing the photocatalytic efficiency by the nitrogen oxides removal test, it can be 
stated that it depends on both the TiO2 and the GO content. In particular, a 
photocatalyst increase leads to an increase in the removal efficiency of NO, up to an 
asymptotic level for TiO2 concentration greater than 0.5 g/100 ml in aqueous solution. 
This finding is common in heterogeneous catalysis [271]; however, an increase of the 
graphene oxide content, can slightly penalize the photocatalytic efficiency, probably 
because it covers the photocatalyst surface and occludes the porosity of the adsorbent. 
 

a b  
Figure 101 - NOx removal efficiency under PCO for different composition ratio of the 

ACC/P25/GO composite 

Both GO, and P25 concentrations do not affect the NOx removal efficiency 
significantly under ESP conditions (Figure 102), while they are important for the 
PCO+ESP process (Figure 103). In particular, the TiO2 follows a similar observed 
behavior to the PCO-only process, where the efficiency reaches a plateau for the same 
threshold concentration. The GO addition, instead, does not seem to bring benefit to 
the NOx removal efficiency.  
 

 a b 
Figure 102 - NOx removal efficiency under ESP for different composition ratio of the 

ACC/P25/GO composite 
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 a b 
Figure 103 - NOx removal efficiency under PCO+ESP for different composition ratio of the 

ACC/P25/GO composite 

For comparison, the individual and combined processes are reported in Figure 104. 
The highest NOx removal efficiency belongs to the combined process, with a TiO2 load 
higher than 0.5 and an optimal concentration of GO of 35g/l.  

a) b) 
Figure 104 - Comparison of the different efficiency  

The scatter plot of NOx efficiencies (paragraph 2.5.2.1) is reported in Figure 105. It is 
straightforward to notice that by using the combined process,  a three-fold increase of 
the NO removal rate. The NO2 production increases, but not as much as with the ESP 
only.  

 
Figure 105 - Scatterplot of NOx removal by the ACC+GO+P25 composites 
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Photocatalytic activity: VOC removal 
VOC removal was studied using the apparatus described in paragraph 2.4.2.2. 

It has been found that the application of the electric field enhances the adsorption. 
However, on the other side, with augmented adsorption, the chemical reactions on the 
catalyst surface take place faster and then slow down thus the desorption of the 
products is inhibited. For this reason, in Figure 106, it is possible to notice how the 
final concentration of MEK inside the reactor is greater in the presence of the electric 
field if compared with photocatalysis only.  
 

 
Figure 106 - Removal of MEK under different test conditions by the composite under Ads, 

Ads+ESP, Ads+PCO, Ads+ESP+PCO conditions. 

This aspect is well evidenced by the tail of the MEK concentration in a test in which 
the electric field was applied at first and then turned off (Figure 107). What is possible 
to notice, is that once the electric field is removed, the concentration of MEK tends to 
rise again not following the original decay, reported by the dashed line.  
 

 
Figure 107 - Test in which the electric field was first switched on and then off in order to 

evaluate the neighboring effect. 
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2.5.3 Discussion 

2.5.3.1 Appraisal of the hybrid process 
This work combined electrostatic and adsorptive processes with TiO2-

photocatalysis, in order to build a hybrid air cleaning system and improve the overall 
removal efficiency. Different support materials coated with an aqueous TiO2-slurry 
were submitted to single or combined processes of PCO, ESP, and PCO+ESP. 
The fact that the photocatalytic oxidation occurred only on adsorbed compounds 
implies that the mass transfer to the active surface and the adsorptive process are 
critical steps in the PCO process. 
It is found that coupling ESP with PCO achieves high NO conversion (up to 98%), 
much higher than the PCO alone; moreover, NO2 generation is lower for PCO+ESP 
than ESP-only. 
The support materials used in the coupled process (PCO+ESP) revealed of great 
importance for the coupled process. Particularly, the dielectric property of the 
polyethylene support, attenuate the electric field, leading to no appreciable differences 
between PCO and PCO+ESP configuration, within the electric potential employed. 
Conversely, when aluminum, activated carbon cloth, and graphite are used, the 
enhanced activity is much higher. It was also found that the choice of the material 
affects reliability over time. 
By fitting the experimental data with the Langmuir-Hinshelwood kinetic, it was 
determined a fourfold increase of the kinetic rate constant by the combined process, 
while the adsorption constant remains unchanged. 
The mineralization of organic gaseous pollutants is positively affected by the coupling 
of the processes. It was found that PCO+ESP could increase up to the 12 % the overall 
removal, with an increase of the CO2 produced. 
The ESP ozone production, in the presence of TiO2 and under UV lamp, was found 
fourt times lower than in dark conditions and can be implemented to limit the unwanted 
ozone production by the electrostatic precipitators. 

2.5.3.2 Effect on the ACC 
Activated carbons clothes, impregnated with a solution of TiO2 and GO constitutes 
good support and adsorbent to perform the synergistic process. However: 

• The formation of NO2, as a byproduct by the reaction of the NO with O3, has 
to be kept into account. Higher efficiencies may be obtained, and a lower 
selectivity to NO2 may be accomplished by choosing a proper adsorbent 
material as support; 

• As the electric field enhances the adsorption, it limits the desorption of the 
reaction products. This aspect, if properly managed, can result in a higher 
retention time of the pollutants onto the catalyst, and to a higher chance to 
attain complete mineralization to CO2 and H2O 
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Chapter 3 
Conclusions 
 
 

3.1 A novel hybrid air cleaning process 
3.2 Materials and processes 
3.3 Final considerations for the process implementation 
3.4 Future developments 
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In this last chapter, are reported the conclusion emerging from the 
previous Chapter, plus few considerations about the 
implementation of the hybrid process previously described and 
studied.  
• In paragraph 3.1 the meanings of the adjectives “novel” and 

“hybrid” are explained in the light of the process investigated 
and of the obtained results. This is comprehensive of the 
overall conclusion emerging from the previous paragraphs; 

• In paragraph 3.2 a summary of the most important remarks 
affecting the process in its complexity is presented; 

• In paragraph 3.3 few considerations about the strength and 
weaknesses of the process are reported, jointly some 
economic consideration about the process implementation; 

• In paragraph 3.4 future developments are suggested. 

 
3.1 A novel hybrid air cleaning process 

This paragraph presents the practical consequences that differentiate this 
process from those reported in the literature. 

3.1.1 Why a “hybrid” process? 
As presented in paragraph 1.2, a large part of the air purifier market uses 

different technologies for the removal of pollutants. The simplest and the most 
controlled method to succeed is to apply the different technologies in series. This 
aspect allows single processes to be optimized independently, and the choice of the 
materials and the process parameters affect only the process considered. According to 
this aspect, it is difficult to define as "hybrid" such processes proceeding 
simultaneously but in different successive stages, because each process maintains its 
characteristics and it is not affected by the previous one. 

Instead of operating multiple processes in the same stage and simultaneously it 
is possible to develop new mechanisms and synergies affecting the single processes. 
The characteristics of a material can be altered both by the same process and by another 
operating simultaneously and in the same place. However, at the same time, the 
characteristics of material have repercussions on the processes that interest it.  
This type of interaction, more complex than having different processes in series, gives 
unique properties to the new "hybrid" process, otherwise not obtainable, or allows to 
achieve similar results, regarding depollution efficiency, to the conventional tandem 
technologies, with a lower expenditure of energy or materials. 

Adsorption is a process used since ancient times, and the first systematic study 
dates the XVII century [272]. The study of the electrostatic precipitation was 
subsequent to the industrial revolution, and the first patent, describing an apparatus for 
charging and the collecting particulate, dates 1907 [273]. Environmental 
photocatalysis is a newly-born remediation technique, still under intense studies [274]. 
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The only difference in maturity of these technologies explains how it is possible that 
certain applications can still be partially unexplored or completely new. Moreover, the 
multiplicity of methods and configurations available to couple different materials and 
processes results in a more fragmented discussion of the topic. All these aspects show 
how difficult it is to provide a description of the occurring phenomena exhaustively, 
and how to optimize processes parameters and materials in a way that they actively 
participate in a positive synergy.   

3.1.2 The novelty of the process 
The main findings, emerging from the experimental section in Paragraph 2, are 

here listed. They are the main conclusions of the experimental part. 

3.1.2.1 Gas removal by electrostatic precipitation 
Electrostatic precipitation is an established technology for removing suspended 

particles from an air stream, by charging and transporting them toward a collecting 
plate. One of the most important features, of such process, is the absence of 
considerable pressure drops, due to the fact that the air flow is parallel to collecting 
plate, therefore making possible to handle large flow without having considerable load 
losses. The ozone production and the ionic wind are two secondary effects of the 
electrostatic precipitation. Coating the collecting electrode with an adsorbent, it is 
possible to adsorb the gases transported by the electrohydrodynamic force. The ozone 
generated may react with the gas or with the adsorbent, causing alterations of the 
surface, and advantaging (or disadvantaging) the adsorption of certain classes of 
pollutants. 

3.1.2.2 Adsorption enhancement by an external-applied electric field 
 The ionic wind does not only enhance the diffusion of the adsorptive toward 
the surface of the adsorbent, but the applied force distribution results in an increase of 
the relative pressure, leading to a higher amount of gas adsorbed. This aspect was 
evident in Figure 107 where it is possible to appreciate the reversibility and the 
instantaneousness of the process once the electric field is turned off. Besides the 
enhancement in the capacity, from this intuitive explanation, the electric field may 
promote the adsorption kinetic as well, depending on the type of the pollutant 
considered.  

3.1.2.3 Earlier activation of a photocatalyst due to the corona effect 
 It was found that a photocatalyst may exhibit photocatalytic activity, when 
irradiated with light having energy lower than the bandgap, if inserted within an 
external electric field. The full explanation of the phenomena was not provided; 
however, it was supposed that it could be due to the shortening of the bandgap edges, 
due to the displacement of the electrical charges in the semiconductor. 

3.1.2.4 Enhancement and inhibition of the heterogeneous photocatalysis by 
the hybrid process 
 The heterogeneous photocatalysis consists of five different steps: 
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1. diffusion of the reactants to the surface; 
2. adsorption of reactants; 
3. reaction; 
4. desorption of products; 
5. diffusion of the products away from the surface. 

As the presence of an electric field may affect adsorption and diffusion, therefore the 
steps 1 and 2 should be enhanced, while steps 4 and 5 should be inhibited. This would 
have a consequence on step 3, as the retention time on the catalyst surface would 
increase.  
Indeed, the removal kinetics of MEK, by the ESP-only or by the ESP+PCO, are similar 
for the first minutes (the photocatalytic oxidation of MEK by TiO2 is slower than its 
adsorption over the ACC; for this reason it is difficult to separate the two single 
contributions) while, for longer times, the combined process became slower, due to 
the accumulation of the reaction products on the adsorbent. However, this phenomena 
increases the retention time over the catalyst, leading to higher mineralization of the 
pollutant (Figure 80).  
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3.2 Materials and processes  
The choice of the materials constitutes a fundamental point to evaluate the final 

process efficiency. In fact, because of the existence of a combined process shared 
characteristic should be promoted, while discordant parameters should be balanced 
out.  
In order to optimize the final process, Table 44 summarizes the most important 
material characteristic and process variables, for each technology, individually 
considered.  

 
Table 44 – Parameters affecting each single technology 

 PCO ESP Ads 

M
at

er
ia

l Low bandgap 
Good charge separation 

High stability 
 

High conductivity 
Electrodes material 
Low wire diameter 

 

High surface area 
High capacity 
High affinity 
Fast kinetic 

Pr
oc

es
s 

Diffusion to the surface 
Diffusion from the surface 

Light absorption 
High efficiency 

Low selectivity to by-products 
High contact time 

Electric potential 
Flow velocity 

Electrode spacing 
Low retention time 

Diffusion to the surface 
Competitive adsorption 

Exhaustion  
Medium/high contact time 

 
It is clear that the choice of materials, for being implemented into the hybrid 

process, must take into account every single aspect. Therefore, only the ad-hoc 
realization of a composite can satisfy multiple requirements at the same time. 
As well the operational parameters should result from a compromise between the 
facilitate a process and disadvantage another (i.e., find the minimum of the applied 
voltage to the discharge electrode in order not to produce an excess of ozone which 
can damage the adsorbent or react with the pollutants).  

It has been reported in Chapter 1.2, which pollution control techniques are more 
appropriate for a specific pollutant. Table 45 summarize them.  
 

Table 45 – Effect of the single process on the target pollutant 

Single processes Ads ESP PCO 
VOC Good No effect Poor° 
NOx Poor/Good# No effect* Good 
O3 Poor/Good# No effect* Poor/Good@ 
PM Poor§ Good No effect 

°Considering a full degradation into CO2, H2O, with a typical purifier-contact time, #Depends on the 
adsorbate (NO or NO2) and the adsorbent *Produced by ESP @Good with TiO2 §Depends on the type 
and the morphology of the adsorbent, acting as a filter. 

 

However, by coupling the processes, the final efficiency is not only inherited from the 
best efficiency of the selected ones, but it may results to be better than that. A summary  
of the obtainable results are reported in Table 46. 
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Table 46 – Effect of the coupled process on the target pollutant 

Coupled processes Ads+ESP ESP+PCO PCO+Ads Ads+ESP+PCO 
VOC Good Poor/Good Good Good 
NOx Poor/Good# Good Good Good 
O3 Poor/Good# Poor/Good@ Good Good 
PM Good Good Poor§/ No effect Good 

 
  



132 3.3 Final considerations for the implementation 

3.3 Final considerations for the implementation 
 As a final step, the hybrid process has been implemented into several air cleaner 
prototypes. Geometries and internal arrangements have been chosen and modified 
according to not only the results presented in this work but also to the engineering of 
the process. Without going into details, due to a patent pending application, the choice 
of materials, geometries and process variables must also take into account the 
feasibility and ease in engineering the elements. 
The following bullet points report critical considerations on the implemented process. 

3.3.1 Strengths 
• The lack of a transversal crossing of the filtering media allows having a less 

powerful air handling unit since the pressure drops are reduced. This turns into 
lower cost, lower noise and reduced power consumption. 

• By controlling the geometries and optimizing the materials, it is possible to reduce 
the potential applied to the discharge electrode, limiting the production of ozone 
and NOx and electrical consumption. 

• The presence of the photocatalyst regenerates the adsorbent. 
• The electric field-induced flux enhances the adsorption and the contact time with 

the TiO2. Selectivity is enhanced as well. 

3.3.2 Weaknesses 
• The optimal electric field strength is a function of the air velocity through the 

adsorbent/collecting plates. 
• NOx generated by the corona discharge may be adsorbed by the adsorbent and 

accelerate its exhaustion. 
• It is more effective at lower concentrations of pollutants. 

3.3.3 Economic considerations 
Cost/efficiency is a key aspect for the practical implementation of the process.  

Costs for the implementation of the process considered in an indoor air purifier are 
subdivided into fixed cost, such as the cost of the equipment and in variable costs, 
including the filtering material (which must be replaced once exhausted) and the 
electricity consumption. 
 System setup (electrical transformer and drivers) is higher than a common fan-
filter unit, due to presence of an high voltage transformer and a LED (including the 
constant current supplying circuit). However, the cost of the fan is lower, as the 
pressure drop across the filter is an order of magnitude lower than traditional fan filter 
unit or HEPA filters. 
 Filter media costs are largely dependent on the quality of the adsorbent material 
used and on the manufacturing process. As reported in Chapter 2.3.1.1, it is possible 
to functionalize the adsorbent material, starting from a non-lab grade quality metallic 
titanium powder. By using this method, it is possible to deposit directly a photocatalyst 
on a target adsorbent with low costs. The choice made in Chapter 2.5, to functionalize 
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an activated carbon cloth by simple impregnation with an aqueous dispersion of nano-
TiO2 is meaningful in term of easiness, repeatability but it is strongly influenced by 
the cost of the catalyst. 
 Energy consumption costs are lower than conventional fan filter units, as the 
power adsorbed by the fan is lower due to absence of a significant pressure drop. With 
using LEDs, to activate the photocatalyst, and with a proper high-voltage transformer, 
the overall power consumption ranges between 10-20W for 200m3/h. 
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3.4 Future developments 
 It has been shown that the application of an electric field can be used to enhance 
the kinetics and to increase the adsorption capacity of a pollutant. However, the same 
method could also be used to control the partial desorption of an adsorbed species, by 
switching off the electric field. 
 Another aspect that will be investigated is the effect of the electric field on the 
adsorption, investigating the nanometric scale, instead of the indirect effect on the 
gases. Tailoring a composite, with a specific characteristic (bandgap, conductivity, 
porosity, etc..) opens the way to a scenario where is it possible to investigate the effect 
of every single parameter, in order to optimize the composite. The choice of deposit 
B-CNW on a transparent substrate lies in fact to conduct a new series of analysis where 
the variations of the optical parameters of the material are measured in the presence 
and absence of an electric field. 
Measurements using spectroscopic ellipsometry and Fabry-Perot interferometry were 
conducted, despite the difficulty of electrically insulating the existing setups and 
apparatus from the tested samples. However, the results obtained are not of univocal 
interpretation, and further studies are necessary. 
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Annex A:  

Patent analysis of the Lens.org dataset 

Data collection 
Dataset was obtained in a single day (1/11/2018) by using the following query: 
 
abstract: indoor AND ( classification_cpc: ( B01D* OR ( B03C* OR ( B04B* OR B04C* ) ) ) OR  
( title: indoor AND classification_cpc: ( B01D* OR ( B03C* OR ( B04B* OR B04C* ) ) ) ) ) 
 
The results table, consisting of 283 references was then analyzed with R [106] and 
results plotted by the package ggplot2. 

Temporal and geographical patent distribution 

   
 

Top assignee 
Number of patents within the dataset Assignee 

66 Daikin Ind Ltd  
32 Enverid System Inc. 
25 Mitsubishi Electric Corp  
13 Sakashita Akihiko  
13 Toshiba Carrier Corp. 
11 Okada Morimichi 
9 Yokomizo Tsuyoshi  

 

Process used 
The process of removal of a pollutant is identified by the CPC group. 

• # B01D2251 Reactants 
• # B01D2252 Absorbents, i.e. solvents and liquid materials for gas absorption 
• # B01D2253 Adsorbents used in seperation treatment of gases and vapours 
• # B01D2255 Catalysts 
• # B01D2273 Operation of filters specially adapted for separating dispersed particles 

from gases or vapours 
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• # B01D2279 Filters adapted for separating dispersed particles from gases or vapours 
specially modified for specific uses 

• # B01D46 Filters , i.e. particle separators or filtering processes specially modified for 
separating dispersed particles from gases or vapours 

• # B01D53 Separation of gases or vapours; Recovering vapours of volatile solvents 
from gases; Chemical or biological purification of waste gases, e.g. engine exhaust 
gases, smoke, fumes, flue gases, aerosols, 

• # B03C3 Separating dispersed particles from gases or vapour, e.g. air, by electrostatic 
effect 

 

Target pollutant 
The Components to be removed are identified by the CPC group code B01D2257. In 
particular: 

• B01D2257/106:  . . Ozone    
• B01D2257/11:  . . Noble gases    
• B01D2257/302:  . . Sulfur oxides    
• B01D2257/304:  . . Hydrogen sulfide    
• B01D2257/308:  . . Carbonoxysulfide COS    
• B01D2257/402:  . . Dinitrogen oxide     
• B01D2257/404:  . . Nitrogen oxides other than dinitrogen oxide    
• B01D2257/502:  . . Carbon monoxide    
• B01D2257/504:  . . Carbon dioxide    
• B01D2257/70:  . Organic compounds not provided for in groups  
• B01D2257/7027:  . . . Aromatic hydrocarbons    
• B01D2257/708:  . . Volatile organic compounds V.O.C.'s    
• B01D2257/90:  . Odorous compounds not provided for in groups B01D2257/00 

B01D2257/708    
• B01D2257/91:  . Bacteria; Microorganisms    
• B01D2257/93:  . Toxic compounds not provided for in groups B01D2257/00 

B01D2257/708 

B01D2279 B01D46 B01D53 B03C3
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Type of treatment  
• B01D2259/10:  . Gas phase, e.g. by using aerosols    
• B01D2259/40083:  . . Regeneration of adsorbents in processes other than pressure 

or temperature swing adsorption   
• B01D2259/40086:  . . . by using a purge gas (B01D2259/4009 takes precedence)  
• B01D2259/4009:  . . . . using hot gas    
• B01D2259/40098:  . . . . with other heating means    
• B01D2259/414:  . . using different types of adsorbents    
• B01D2259/4143:  . . . . arranged as a mixture    
• B01D2259/4145:  . . . . arranged in series    
• B01D2259/45:  . Gas separation or purification devices adapted for specific 

applications    
• B01D2259/4508:  . . for cleaning air in buildings    
• B01D2259/4541:  . . for portable use, e.g. gas masks    
• B01D2259/455:  . . for transportable use (portable devices B01D2259/4541 
• B01D2259/4566:  . . for use in transportation means    
• B01D2259/4575:  . . . in aeroplanes or space ships    
• B01D2259/65:  . Employing advanced heat integration, e.g. Pinch technology 
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Annex B:  

Patents classifier algorithm 
 
N is the dataframe containing the patent data 

 
 

N<-mutate(N, Filter =  

  if_else( 
   str_detect(TI, fixed("HEPA", ignore_case = TRUE)) | 

      str_detect(ID, fixed("HEPA", ignore_case = TRUE)) | 
      str_detect(TI, fixed("ULPA", ignore_case = TRUE)) | 

      str_detect(ID, fixed("ULPA", ignore_case = TRUE)) | 

      str_detect(TI, fixed("FILTRATION", ignore_case = TRUE)) | 
      str_detect(ID, fixed("FILTRATION", ignore_case = TRUE)) | 

      str_detect(TI, fixed("FILTER", ignore_case = TRUE)) | 
      str_detect(ID, fixed("FILTER", ignore_case = TRUE)), 

  "Filter", "")) 

N<-mutate(N, Dyna =    
  if_else( 

     str_detect(TI, fixed("Cyclone", ignore_case = TRUE)) | 
      str_detect(ID, fixed("Cyclone", ignore_case = TRUE)) | 

     str_detect(TI, fixed("wash", ignore_case = TRUE)) | 

      str_detect(ID, fixed("wash", ignore_case = TRUE)) | 
      str_detect(TI, fixed("Scrubber", ignore_case = TRUE)) | 

      str_detect(ID, fixed("Scrubber", ignore_case = TRUE)), 
  "Dyna", "")) 

N<-mutate(N, ESP =   

  if_else( 
    str_detect(TI, fixed("electrostatic filtration", ignore_case = TRUE)) | 

      str_detect(ID, fixed("electrostatic filtration", ignore_case = TRUE)) | 
    str_detect(TI, fixed("electric-field", ignore_case = TRUE)) | 

      str_detect(ID, fixed("electric-field", ignore_case = TRUE)) | 

      str_detect(TI, fixed("electrostatic precipitation", ignore_case = TRUE)) | 
      str_detect(ID, fixed("electrostatic precipitation", ignore_case = TRUE)) | 

      str_detect(TI, fixed("electrostatic filter", ignore_case = TRUE)) | 
      str_detect(ID, fixed("electrostatic filter", ignore_case = TRUE)), 

  "ESP", "")) 

N<-mutate(N, Ads =     
  if_else( 

    str_detect(TI, fixed("adsorption", ignore_case = TRUE)) | 
    str_detect(ID, fixed("adsorption", ignore_case = TRUE))| 

    str_detect(TI, fixed("sorbent", ignore_case = TRUE)) | 

    str_detect(ID, fixed("sorbent", ignore_case = TRUE))| 
 str_detect(TI, fixed("adsorbent", ignore_case = TRUE)) | 

 str_detect(ID, fixed("adsorbent", ignore_case = TRUE)) | 
 str_detect(TI, fixed("carbon", ignore_case = TRUE)) | 

 str_detect(ID, fixed("carbon", ignore_case = TRUE)) | 

 str_detect(TI, fixed("zeolite", ignore_case = TRUE)) | 
 str_detect(ID, fixed("zeolite", ignore_case = TRUE)) | 

 str_detect(TI, fixed("adsorbing", ignore_case = TRUE)) | 
 str_detect(ID, fixed("adsorbing", ignore_case = TRUE)), 

  "Ads", "")) 

N<-mutate(N, PCO =     
  if_else( 

    str_detect(TI, fixed("catalysis", ignore_case = TRUE)) | 
    str_detect(ID, fixed("catalysis", ignore_case = TRUE))| 

    str_detect(TI, fixed("photocatalytic", ignore_case = TRUE)) | 

    str_detect(ID, fixed("photocatalytic", ignore_case = TRUE))| 
 str_detect(TI, fixed("catalyst", ignore_case = TRUE)) | 

 str_detect(ID, fixed("catalyst", ignore_case = TRUE)) | 
 str_detect(TI, fixed("semiconductor", ignore_case = TRUE)) | 

 str_detect(ID, fixed("semiconductor", ignore_case = TRUE)), 

  "PCO", "")) 
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 N<-mutate(N, UV =    
  if_else( 

    str_detect(TI, fixed("UVGI", ignore_case = TRUE)) | 

    str_detect(ID, fixed("UVGI", ignore_case = TRUE))| 
 str_detect(TI, fixed("photolysis", ignore_case = TRUE)) | 

 str_detect(ID, fixed("photolysis", ignore_case = TRUE)) | 
 str_detect(TI, fixed("UV-C", ignore_case = TRUE)) | 

 str_detect(ID, fixed("UV-C", ignore_case = TRUE)), 

  "UV", "")) 
N<- mutate(N, NTP =     

  if_else( 
    str_detect(TI, fixed("NTP", ignore_case = TRUE)) | 

    str_detect(ID, fixed("NTP", ignore_case = TRUE))| 

 str_detect(TI, fixed("plasma", ignore_case = TRUE)) | 
 str_detect(ID, fixed("plasma", ignore_case = TRUE)) | 

 str_detect(TI, fixed("barrier discharge", ignore_case = TRUE)) | 
 str_detect(ID, fixed("barrier discharge", ignore_case = TRUE)), 

  "NTP", "")) 

N<- mutate(N, Ion =   
  if_else( 

    str_detect(TI, fixed("ionizer", ignore_case = TRUE)) | 
    str_detect(ID, fixed("ionizer", ignore_case = TRUE))| 

    str_detect(TI, fixed("ions", ignore_case = TRUE)) | 

    str_detect(ID, fixed("ions", ignore_case = TRUE))| 
 str_detect(TI, fixed("ionization", ignore_case = TRUE)) | 

 str_detect(ID, fixed("ionization", ignore_case = TRUE)) | 
 str_detect(TI, fixed("brush", ignore_case = TRUE)) | 

 str_detect(ID, fixed("brush", ignore_case = TRUE)), 

  "Ion", "")) 
 N<-mutate(N, Plant =   

   if_else( 
    str_detect(TI, fixed("plant", ignore_case = TRUE)) | 

    str_detect(ID, fixed("plant", ignore_case = TRUE))| 

    str_detect(TI, fixed("biomass", ignore_case = TRUE)) | 
    str_detect(ID, fixed("biomass", ignore_case = TRUE))| 

 str_detect(TI, fixed("botanical", ignore_case = TRUE)) | 
 str_detect(ID, fixed("botanical", ignore_case = TRUE)) | 

 str_detect(TI, fixed("plants", ignore_case = TRUE)) | 

 str_detect(ID, fixed("plants", ignore_case = TRUE)), 
  "Plant", "")) 
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Annex C:  

Numerical simulation of an electro-enhanced adsorption process 

Apparatus 
The apparatus adopted is the one reported in paragraph 2.2.2. Briefly, the sample 
holder on which the specimens are placed is represented below. A thin (180µm 
diameter) wire (discharge electrode) is set to positive polarity, whereas the opposite 
electrode, (collector), is earthed trough two grounded connections at the ends of the 
activated carbon cloth sample. A fan induces a quasi-parallel air flux in the z-direction. 
The sample holder is placed into a 13L glass box.  

 

DC positive corona discharge model  
(Spatial distribution of the charged species, for 10kV applied) 

 

Beuf’s approach 
(Electroinduced force in the considered domain; along the y-axis) 
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Transport (Navier-Stokes equations) 
Velocity fields at different horizontal velocity. Pressure distribution on the collecting 
electrode. 
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