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Green chemistry concept is currently implemented in order to stimulate the development of sustainability
processes and pollution prevention. However, not for all cases the use of this type of process generates an
operation with good environmental performance, also in the development and evaluation of new topologies,
such as the one presented in this paper, environmental assessment becomes in an important tool in order to
optimize the process. In this work for developed a synthesis of titanium dioxide (TiO 2) nanoparticles from
titanium isopropoxide (TTIP) via green chemistry. Environmental assessment was performed using software
WAR GUI, which use Waste Reduction Algorithm in order to quantify potential environmental impacts generation
and output environmental impacts for this process for 4 different cases. Results show that the process doesn’t
generate high potential environmental impacts (PEI) with a rate of 1.43X10 2 PEI/h for the case that include
energy and product contributions, which represents a very low value compared to the total output rate for this
case (1.21X104 PEI/h). For toxicological categories, it was obtained that for human toxicity by ingestion (HTPI)
and terrestrial toxicity potential (TTP) categories exist some environmental impacts due to presence of TTIP in
a high concentration, additionally these effects are increased by propanol, as a subproduct of the hydrolysis,
and ethanol as solvent for the purification stage. For the aquatic matrix the potential impacts obtained was
relatively low. On the other hand, it was determined for atmospheric effects that the presence of the alcohols in
the process rises the potential impact related to the photochemical oxidation potential category.

1. Introduction
Green Chemistry is related to a new idea which is developed in the industry and research context as a natural
evolution of pollution prevention strategic. The use of this kind of process brings the concept of developing
chemical plants that can reduce waste and demand on diminishing resources. In Green Chemistry it can employ
processes that use smaller amounts of energy maintaining economic growth and opportunities while providing
reasonably priced products and services to a growing world population (Hendershot, 2015).
Nanotechnology is a revolutionary science related to manipulate substances at atomic or molecular scale, and
its ability to work that scale. Research areas are related to the needed of developing large scale pathways for
production of nanomaterials, the main products in this type of processes. Recently, metal oxide nanoparticles
have attracted attention by their potential application in different fields, especially TiO2 nanoparticles are very
important due to its uses as pollution remover, photo-catalyst, virus sterilizer, among others (Wang et al., 2016).
The environmental assessment is an important tool in design and analysis of processes because its develop is
useful to identify improvement areas from environmental point of view, serving as an instrument for making
decision and quantification of environment impacts due to random discharge to the environment of raw material,
chemicals, products, wastes or any of the substances involved in the operation in the evaluated process (Herrera
et. al., 2017).
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In this work, a green synthesis of TiO2 nanoparticles was analyzed using WAR algorithm to evaluate eight impact
categories, which are: human toxicity by ingestion (HTPI), human toxicity by dermal exposure or inhalation
(HTPE), aquatic toxicity potential (ATP), terrestrial toxicity potential (TTP), global warming (GWP), ozone
depletion (ODP), photochemical oxidation potential (PCOP) and acidification potential (AP) (Ramirez-Cando et
al., 2017). In this work the research gap is addressed in order to develop an environmental assessment for a
novel-proposed large-scale production of TiO2 nanoparticles for its potential use in water treatment, photocatalyst systems, among others. This synthesis was analyzed using computer-aided process engineering, this
is related to the fact that there is no bibliography reported for the industrial scale-up, simulation and
environmental evaluation of this type of process. The plant was simulated in a commercial process simulation
software, having as main raw materials leaves of lemongrass and diluted titanium isopropoxide. The mass and
energy balances obtained from the simulations were used in WAR algorithm to develop the environmental
assessment, which will allow to determine the environmental benefits related to the process, as well as establish
comparisons according to the most impacted categories and the differences in the use of different sources of
energy as oil, carbon or gas (Ming Kwee et al., 2017).

2. Methods
2.1. Process description
The process was simulated for a production capacity of 5,724.16 t/y of TiO 2 nanoparticles, this amount of product
was aimed due to the requirement of lemon grass for the process, which is 32,588.21 t/y, and this value was
set as approximately the 30 % of total lemon grass availability in Colombia. The green synthesis of this material
implies the use of titanium isopropoxide (TTIP) as precursor using lemon grass extract (lemon grass oil) as
surfactant to guarantee the nano-size of particles. The Figure 1 shows the process diagram for simulated case.

Figure 1. Process Diagram for TiO2 green chemistry production
The production of TiO2 nanoparticles via green chemistry, it can be estimated as an ecological synthesis
because the lemon grass extract (oil) is used as a solvent for the nanomaterial production, which is developed
from TTIP hydrolysis, this reaction is shown in the Eq(1) (Buerguer et al., 2015).
𝑇𝑖(𝑂𝐶3 𝐻7 )4 + 2𝐻2 𝑂 → 𝑇𝑖𝑂2 + 4𝐶3 𝐻7 𝑂𝐻

(1)

The process starts with lemon grass oil extraction. For this stage, the lemon grass is cleaned, and cellulosic
material is removed and sent to drying. The stream outs at a high temperature, thus the lemon grass is cooled
to environmental temperature (28 °C). Next the flow is sent to crushing for reducing particle size, this is
necessary to produce the infusion what allows the liquid extraction of oil. Ranitha et al. (2014) mentioned in their
work that the lemon grass oil mainly contents myrcene, neral, geranial, citral, nerol, among other, with a total
composition of oil of 1.10 % w/w. For the extraction stage a lot of water is used so it is necessary to implement
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an evaporation stage in order to reduce moisture content. For this stage was extract 7,284.31 t/y phytochemicals
with an oil content of 4.2 %.
On the other hand, the main flow of raw material (TTIP) is sent to a mixing tank to make a quickly mixing with
water. The TiO2 is formed from hydrolysis reaction of TTIP with H 2O, but to guarantee the nano-particle size is
necessary to introduce the phytochemicals (lemon grass oil) before the reaction, for lab scale was obtained a
yield of 0.93 mol of TTIP per mol of TiO2. Propanol is generated as byproduct of the reaction and it´s necessary
to extract this compound to avoid possible contamination of the nanomaterial. The outlet stream of the reaction
with a high content of water and nanoparticles in suspension, is sent to a train of purification, to perform the
purity of TiO2, based in a centrifugation and mixing process scheme. For centrifuges units 1 and 3, removal
water is used, for unit 2 ethanol (70 % v/v) is involved in the purification. Finally, the main outlet stream is sent
to a furnace for drying the particles and it is cooled to the environment temperature.
2.2. Environmental assessment
Waste Reduction Algorithm (WAR) methodology was chosen to develop the environmental analysis using WAR
GUI Software, this tool was selected taking into account the open availability of the software and its ability to
quantify the rate of potential environmental impacts (PEI) generation (or consumption) for processes taking into
account energy streams and products (Meramo et al., 2018). The process was analyzed through different points
of view, varying the energy source (gas, oil and coal), energy contribution and product PEI generation. A case
1 is based without contributions of energy sources and product stream, case 2 considered product in the PEI
balance, case 3 counts energy source without products and case 4 considered all variables (process, products
and energy contributions). The WAR evaluated the environmental performance through 8 different impact
categories, toxicologically: HTPI, HTPE, ATP and TTP, atmospherically: GWP, ODP, PCOP and AP (RamirezCando et. al., 2017). The assessment was developed through four criteria, the first was in order to developed
of the global evaluation for total mass output and generation rate of PEI, the second and third were based in the
toxicologically and atmospherically effects, respectively. The last approach was based for the analysis of three
different energy sources (oil, gas and coal) and its contribution for the total mass output rate, with the aim of
determine which of the energy sources have the best environmental performance and compare if it is
environmentally favorable the use of the residual cellulose (assumed as coal) as source for cogeneration system
or use another energy supply (Hernandez et al., 2013).

3. Results and discussion
3.1. Total PEI: generation and output
From Figure 2, the PEI generated were a positive but relatively low values for all 4 cases (7.64 x 101, 9.26 x
102, 1.26 x 102 and 1.43 x 102 PEI/h), which indicates that the operation has a good environmental performance
with a generation of potential impacts not significantly high.

Total generation rate (PEI/kg-p)

0.921
0.8162
0.598
0.4935

Total generation rate (PEI/h)

1.43E+02
1.26E+02
9.26E+01
7.64E+01

Total mass output rate (PEI/kg-p)

7.80E+01
7.79E+01
7.76E+01
7.75E+01

Case 4
Case 3
Case 2

Total mass output rate (PEI/h)

Case 1

1.21E+04
1.21E+04
1.20E+04
1.20E+04

-1.00E+03 1.00E+03 3.00E+03 5.00E+03 7.00E+03 9.00E+03 1.10E+04 1.30E+04

Figure 2. Total PEI generated and output of the system for TiO2 nanoparticles large scale production.
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Regarding PEI output, it can be observed PEI output per kilogram of product and PEI output per hour are in a
similar proportion, which shows that the influence obtained by energy and products inclusion does not generate
general environmental impacts.
3.2. Toxicological impacts: Generated and Total mass output rates
Figure 3 shows the toxicological impacts generated and output of the process. It observed that the output
impacts directed HTPI and HTPE are more significant for all scenarios compared to the ecological output
impacts (TTP and ATP).

1.20E+03
1.00E+03
8.00E+02
6.00E+02
4.00E+02
2.00E+02

Case 1

Case 2
HTPI

HTPE

Case 3
TTP

Total generated rate of PEI/h

Total output rate of PEI/h

Total generated rate of PEI/h

Total output rate of PEI/h

Total generated rate of PEI/h

Total output rate of PEI/h

Total generated rate of PEI/h

-2.00E+02

Total output rate of PEI/h

0.00E+00

Case 4

ATP

Figure 3. Total mass output and total generated rate for toxicologically effects
3.3. Atmospherically impacts: Generated and Total mass output rates
Figure 4 shows that atmospheric impacts are composed for four impacts categories related to the global effects
(GWP y ODP) and regional (AP y PCOP) ones. In general, the toxicologically values for PEI output under ATP
impact category are considerably lower (2.75 PEI/h for cases 1 and 2; and 3.49 PEI/h for cases 3 and 4)
compared to TTP and HTPI (1.04x103 PEI/h for cases 1 and 3, and 1.05x103 for cases 2 and 4), so that the
impacts generated by this process on aquatic systems are low. In general, the PEI generated for HTPI and TTP
impact categories was moderately significant, so it can be inferred that the process has both in the inlet stream
and in the outlet waste and products toxic chemicals with which care must be taken for possible random
discharges to the environment.
The result of the analysis shows that for ODP and AP categories in cases 1 and 2 are zero, which leads to the
conclusion that this process is environmentally neutral under these categories, so the contribution to PEI output
for atmospheric categories comes from the use of fuels in the process as energy sources, as occurs in cases 3
and 4. The PEI output for GWP (1.93x101 PEI/h) and AP (1.60x102 PEI/h) impact categories in cases 3 and 4,
indicates that this process emits chemicals that persist longer in the environment due to its low oxidation and
also can contribute to the generation of acid rain. The fact that the PEI generated, and PEI output values are
very similar owing to chemical products obtained presents reduced ability to degrade themselves in the
environment.
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Figure 4. Total mass output and generated rate for atmospherically effects
3.4. Energy source analysis
For this approach, the contribution of three different types of fuel (gas, coal and oil) for each impact category
was evaluated, including the energy consumption of process and excluding the product stream. Figure 5 shows
the comparison of the energy source in PEI total mass output rate based for TiO2 green chemistry production
process.

AP
PCOP

ODP
GWP
ATP
TTP
HTPE
HTPI
-1.50E+03

5.00E+02

2.50E+03

4.50E+03

6.50E+03

8.50E+03

Total output rate for Oil (PEI/h)
Total output rate for Coal (PEI/h)

Total output rate for Gas (PEI/h)

Figure 5. Energy source approach on output rate for TiO2 nanoparticles production

1.05E+04
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It was obtained that coal usage increases the impact in the AP (2.70x102 PEI/h), for the other impacts categories
it wasn´t obtained important differences in the PEI values. Compared to the global output rate of PEI for the
process, the potential environmental impacts from energy source they do not represent many concerns because
its contribution is less compared to other effects previously described, so this process has a good energetic
performance from an environmental point of view. It can be observed that gas had a better performance
compared to the others energy sources.

4. Conclusions
Waste Reduction Algorithm was implemented for environmental assessment of a green synthesis of large scale
TiO2 nanoparticles. From results obtained, it can be suggested that the process needs improvements focused
in the potential impacts because for this operation exits some concerns about toxicology and atmospheric
potential impacts due to the substance implies in the process, which is reflected in important amount for total
output PEI for all cases studied. Specifically, for toxicologically effects it was obtained that the most impacted
categories were HTPI and TTP, this is related to the impacts due to use ethanol as a solvent, and propanol is
formed in the hydrolysis reaction, additionally to the handle of TTIP as a main raw material. The organics
alcohols also had effects in the atmospherically categories, with PCOP category with the most PEI output, thus
some strategy to increase the environmental performance of the process, it can be replacing ethanol as solvent
for other substances that have less environmental potential impacts.
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