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Resumo 

 

 O objectivo deste projecto era testar dois sensores, um refractómetro e um espectrofotómetro, 

para segregação do efluente industrial com contaminação variável, gerado numa indústria 

farmacêutica. Através desta, parte do efluente não necessitaria de tratamento na linha de efluente 

industrial, dado ter baixo conteúdo em carbono orgânico. 

O teste dos sensores foi realizado em três contextos diferentes, designadamente, em 

bancada laboratorial, montados numa estrutura de suporte (skid) e usados em ambiente controlado e 

no skid em diversas áreas de produção da fábrica. Neste último, foram testados efluentes com 

origens diferentes, desde efluente geral da fábrica a efluentes de operações como lavagens de 

equipamentos, regenerações, entre outras. Analisou-se internamente a carência química de oxigénio 

(CQO) em amostras recolhidas nos testes. 

Dos testes em bancada ficou claro que o espectrofotómetro não cumpria o objectivo, uma vez 

que não detectava a maioria dos solventes usados na fábrica, enquanto o refractómetro detectava 

todos. Dos testes no skid em ambiente controlado resultaram indicações de que o refractómetro 

conseguia detectar a mudança de estado do efluente, de não contaminado para contaminado e vice-

versa. Contudo, foi apenas possível correlacionar a CQO com o índice de refracção para matrizes 

bem definidas, o que é impraticável com os efluentes reais altamente variáveis. Relativamente aos 

testes na produção, nem todos os efluentes de lavagens foram relevantes e o processo de decisão de 

segregação pelo IR revelou incerteza, em particular para efluentes diluídos. 

 Concluiu-se que a implementação do refractómetro para classificação de efluentes para 

segregação é viável, mas que necessita de optimização. 
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Abstract 

 

 The goal of this project was to test two sensors, a refractometer and a spectrophotometer, to 

enable the segregation of industrial wastewaters with variable contamination, at a pharmaceutical 

company. Through this, part of the wastewater could by-pass the industrial wastewater treatment due 

to its low level of organic carbon. 

 The sensors were tested in three different contexts, namely the laboratory bench, mounted on 

a support structure (skid) and used in a controlled environment, and with the skid at different 

production areas of the plant. In the latter, effluents from several sources were tested, from the 

general factory effluent to effluents from specific operations, e.g., equipment washings, regenerations, 

among others. Chemical oxygen demand (COD) was internally analyzed on samples collected during 

the tests. 

 From the bench tests, it was clear that the spectrophotometer did not fulfill the goal, since it 

could not detect most of the solvents used in process, whereas the refractometer detected all. The 

skid tests in a controlled environment indicated that the refractometer can detect changes of effluent 

status from non-contaminated to contaminated, and vice-versa. However, it was only possible to 

correlate COD with refractive index for well defined matrices, which is impracticable with the highly 

variable real effluents. Regarding the tests at the production areas, not all washing effluents resulted 

relevant and the decision of segregation based on the RI showed uncertainty, particularly for diluted 

wastewaters. 

 It could be concluded that the implementation of the refractometer for effluent classification for 

segregation is feasible, but still requires optimization. 
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1. Background and Objectives 

 

1.1. Case Study – Brief description of the company and its environmental policies 

 

The studied pharmaceutical industry is an international company with over 50 years of 

experience in the development and compliant manufacture of Active Pharmaceutical Ingredients (API) 

and Drug Product Intermediates. 

Its business is divided in four production areas, namely, exclusives, generics, particle design 

and inhalation, and exports all of its production, mostly to the USA, Europe and Japan. Since these 

markets have official regulators (EMA, FDA and ICH) with high conformity standards related to good 

manufacturing practices (GMP), quality is a constant at all levels in the company’s activity. 

Besides its quality policy, the studied company also has a compromise to manage its activities 

according to defined health, safety, environment and energy policies. In 1991, the facility studied 

installed a recycling and recovery unit to treat industrial waste streams, recycling about 200 tons of 

solvents per year, and since 1995 is a voluntary signatory of the Responsible Care
R
 program and is 

one of the members of the “International Chamber of Commerce Charter for Sustainable Development 

and of Responsible Care”, promoting ethical behavior and performance improvement in safety, health 

and environment issues. 

One of the major challenges facing chemical industry is to develop productive activities without 

inducing damage to the environment and the studied company follows an Eco-Efficiency policy, 

promoting and implementing preventive management strategies for wastes, in which the ideal options 

are prevention (zero waste) and waste minimization. Most of the wastes generated are treated 

internally (and regarded as secondary products), being reused (using the same product more than 

once), recycled (products that cannot be reused, are used as raw material for a new product) and 

thermally valorized (recovering energy from waste combustion). Namely, dichloromethane (DCM) 

recovery reintegrates about 200 m
3
 of solvent per year in the process, and the energy resulting from 

waste incineration in the sodium iodide recovery unit (URIS, Unidade de Recuperação de Iodeto de 

Sódio), is used to produce heating fluid that powers the studied facility. Thus, only a small amount of 

the generated wastes have no alternative but elimination, namely, dedicated incineration or landfilling 

and external wastewater treatment (see figure 1.1). 
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Figure 1.1 – Hierarchy for the preventive management of waste. 

 

All data concerning waste treatment, especially those from the auto-control of gaseous 

emissions, are reported to the Portuguese Environmental Agency (APA, Agência Portuguesa do 

Ambiente) and all deviations must be properly justified and analyzed for their resolution. 

 

 

1.2. Case Study – Brief description of the present industrial wastewater treatment 

scheme 

 

 The studied facility is a pharmaceutical multipurpose industry, with non-stop and diversified 

production throughout the year, so the generated aqueous effluent has a large variability making it 

practically impossible to characterize. This plant produces about 192 m
3
 of wastewater per day, which 

includes process wastewater, equipment washings, domestic effluent and other liquid wastes. These 

wastes are sent to the Industrial Wastewater Treatment Plant (IWWTP) in dedicated pipelines (above 

or underground). The present treatment’s main features are a steam stripping unit and a thermal 

oxidation unit. 

In brief, the IWWTP (see figure 1.2) comprises a collecting tank (TE06), wherein the waste 

streams converge from the tank TE01 (receiving the wastewater from a specific production area) and 

other locations of the plant, and where the effluent homogenization is carried out; a tank (TEF120) to 

(pre-)adjust the pH value of the homogenized effluent; a holding tank (TE05) to feed the stripping unit; 

a steam stripping unit; and a tank (TE02) that collects the treated effluent coming from the stripping 

stage, the scrubbing wastewater from air pollutant interception at the URIS incineration unit and the 

wastewater from tank T610 that receives effluent from a specific building. On the pre-treated 

wastewaters in the TE02 tank, the following parameters are measured: pH (adjustments are made 

with NaOH or CO2, when necessary), hydrogen sulfide (H2S) level, total organic carbon (TOC), and 

detection of flammable gases. Finally, the pre-treated industrial wastewater joins the domestic effluent 
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and the mixture is sent to the municipal sewer network (Agência Portuguesa do Ambiente, 2008) 

(Agência Portuguesa do Ambiente, 2016). 

 

 

Figure 1.2 – Scheme of the main units in the studied facility’s IWWTP. 

 

The stripping unit handles the industrial wastewater contaminated with small amounts of 

organic compounds (typically, 95 % water and 5 % organic solvents), with the goal of decreasing the 

TOC level. Its operation principle is the evaporation of compounds and azeotropic mixtures (water-

-solvent mixtures that behave as a single chemical compound, because the mixture composition does 

not vary after evaporation) with boiling points below that of water (100 ºC at atmospheric pressure). 

The operation consists in contacting the liquid and stripping gas (steam) streams in counter-current 

flow inside a packed column, providing high contact surface area, promoting the contaminants transfer 

from the liquid to the gaseous phase (McCabe, Smith, & Harriot, 1993). The organic solvents 

separated in the stripping column are combustible, so they are incinerated in the thermal oxidizer 

(URIS) and the generated heat is used to produce steam which is used in the stripping operation. 

The thermal oxidation unit incinerates not only the volatile solvents removed in the stripping 

unit, but also other residues from the production lines, such as mother liquids, distillates, aqueous and 

organic phases from liquid-liquid extraction and wash liquids. The combustion temperature is 

controlled between 1100 and 1300 ºC. The heat produced in this residue elimination process is used 

to produce steam, covering about 70 % of the industrial facility’s needs of this thermal fluid. The 

emissions to the atmosphere from the thermal oxidation unit are continuously monitored and, if 
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necessary, controlled (e.g., neutralization with NaOH, particle filtration, addition of NH3 to reduce NOX) 

to ensure compliance with legal emission limits.  

Given the variability of the industrial wastewater and moreover the possible occurrence of 

chemical reactions between its constituents during collection and homogenization, accurate 

characterization is practically impossible. On the other hand, the stripping unit has a limited treatment 

effect, removing only the volatile organic carbon (VOC) constituents and leaving behind many other 

contaminants. In other instances, aqueous effluents bearing only contaminants which cannot be 

removed by stripping may be fed to the stripping unit, which represents a waste of its treatment 

capacity and of costly stripping steam. For these reasons, efforts were undertaken to find a treatment 

unit to replace or complement the stripping unit. A pilot-scale photo-oxidation system using the photo-

-Fenton technology was tested in situ and proved to be effective in reducing TOC levels across 

different compositions of the industrial wastewater. However, this option was highly expensive, 

rendering it unsustainable for the company in the treatment of the entire industrial wastewater flow. 

This same investigation also concluded that the key to overcome these difficulties could be to 

segregate the industrial wastewater streams, according to their level and type of contamination, and 

direct them to the most adequate treatment unit (Marques, 2014). 

 

 

1.3. Objectives and Thesis Outline 

 

In line with the aspects described in section 1.2, the studied company, being a multi-

-purpose/multi-product manufacturing site, aims to implement a multi-purpose and multi-stage IWWTP 

to cover the greatest number of contamination scenarios. This objective relies on the possibility of 

segregating wastewaters by key attributes in direct relation with the most effective and efficient 

treatment options. The challenge is to select analytical sensors, operating online in the wastewater 

collection network, able to identify and quantify the key attributes and allow the derivation of each 

wastewater stream to its most adequate treatment sequence within the IWWTP. Actually, given the 

present knowledge of wastewater origins in the industrial site, such a system could mean that 40-50 % 

of the present wastewater volume could by-pass any kind of treatment because of its low TOC level. 

The main goal of the present study was to test two commercial online sensors, a refractometer 

and a spectrophotometer, as to their ability to qualify industrial wastewater streams for segregation. 

Tests were carried out to determine if the sensors could provide information for segregation matching 

that provided by offline Chemical Oxygen Demand (COD) measurements. Two groups of tests were 

performed: in a controlled environment (prepared samples) and in a non-controlled environment 

(actual industrial wastewater streams). The tests in a controlled environment were implemented in two 

stages, namely, tests in the laboratory (bench tests), followed by tests with the sensors fitted into a 

fluid line on a support structure (skid tests), samples being prepared in an adjacent industrial container 

and pumped through the fluid line. The tests conducted in a non-controlled environment were carried 

out in the same assembly used for the skid tests, but took place in the field, in several production 

areas of the industrial plant, the actual wastewaters being pumped through the fluid line containing the 

sensors, as they were being drained. 
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This document contains the following sections: a brief description of the case study company, 

the main issues concerning its industrial wastewater treatment process and the goals of the present 

work (1. Backgroung and Objectives, present chapter); a chapter presenting scientific and technical 

information on the principles of the tested sensors and (2. Introduction); a chapter providing detailed 

descriptions of the procedures adopted for the performed tests, equipment and materials used (3. 

Materials and Methods); a chapter describing the results obtained in the tests, with a brief discussion 

(4. Results and Discussion); finally, a chapter summing up the conclusions of this study with 

suggestions on the work still to be done (5. Conclusions and Future Prospects). 
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2. Introduction 

 

2.1. Refractometry 

 

Refractometry is the technique of testing the physicochemical properties of a substance by 

measuring its refractive index through a device named refractometer (Refractometer.pl, 2016). This 

analysis method is used to quickly, reliably and accurately identify a sample and determine the 

concentration of the target substance and its purity level in a sample. It can also be used to determine 

the density of samples. Refractometry is mostly used to characterize liquids, but it can also be used for 

measurements on gases and solids (Sartorius, 2016) (SCHMIDT + HAENSCH GmbH & Co., 2016). 

 

 

2.1.1. Refractive index 

 

The refractive index (RI) of a substance is a measure of how much the speed of light is 

reduced inside the substance or medium in relation to the speed of light in a vacuum. So, the RI value 

is given through the following equation: 

𝑛𝐷 =
𝑐0
𝑐

 

where 𝑛𝐷is the RI, 𝑐0 is the speed of light in a vacuum (𝑐0 = 2.998 × 10
8 𝑚/𝑠) and c is the speed of 

light in the medium. Therefore, RI is a dimensionless quantity and its values are always higher than 1, 

as the speed of light is the highest speed at which light can move. As the difference between this 

speed in a vacuum and in air is about 0.03 %, air is usually considered as the reference. Water has a 

RI of 1.333 𝑛𝐷 at reference conditions (see section 2.1.2), which means that the speed of light in water 

is 1.333 times lower than in a vacuum (Palma, 2016) (Sartorius, 2016). The lower the medium’s optical 

density, the higher is the speed of light inside that medium, and, as such, the lower is its RI, and vice 

versa (Anton Paar GmbH, 2016) (Sartorius, 2016). The ratio between the RI of a medium A (𝑛𝐴) and 

the RI of a medium B (𝑛𝐵), it is called the relative refractive index between media A and B (𝑛𝐴,𝐵), given 

by: 

𝑛𝐴,𝐵 =
𝑛𝐴
𝑛𝐵
⇔𝑛𝐴,𝐵 =

𝑐0
𝑐𝐴
𝑐0
𝑐𝐵

⇔𝑛𝐴,𝐵 =
𝑐𝐵
𝑐𝐴

 

where 𝑐𝐴 is the speed of light in medium A and 𝑐𝐵 is the speed of light in medium B (Sartorius, 2016). 

 The measuring principle of refractometry is based on the determination of the angle of total 

reflection (Anton Paar GmbH, 2016). When the angle of a beam of light travelling inside a medium (for 

example, water) towards the boundary between it and another medium (air-water boundary, for 

example), as measured relative to an axis perpendicular to this boundary (angle of incidence), is 

slowly altered, from small to large values, both reflection and refraction are observed, up to a certain 

angle value (see figure 2.1). In addition, the relative intensity of the ray reflected back to the original 
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medium and that refracted onto the second medium does not remain constant (SCHMIDT + 

HAENSCH GmbH & Co, 2016). 

 

Figure 2.1 – Principles of boundary behaviour: effect of changes of the angle of incidence in the refraction and reflection 

angles (SCHMIDT + HAENSCH GmbH & Co, 2016). 

 

At angle of incidence values close to 0 degrees, most of the light energy is transmitted through 

the interface and only a little is reflected. As the angle of incidence value increases, it is observed that 

less refraction and more reflection occurs. The angles of refraction and reflection are not equal if light 

speed is different in the two media. Since the light beam refracts away from the normal (axis 

perpendicular to the boundary surface), the angle of refraction is higher than the angle of incidence. 

When the angle of incidence is such that the angle of refraction has a value of 90 degrees, the 

incidence angle value is called the critical angle. When the angle of incidence is equal to or higher 

than the critical angle, the light beam is no longer refracted, which means that it is totally reflected (see 

figure 2.2) (SCHMIDT + HAENSCH GmbH & Co, 2016). 

 

 

Figure 2.2 – Critical angle and total reflection (SCHMIDT + HAENSCH GmbH & Co, 2016). 

 

 The critical angle, 𝛼𝑐𝑟𝑖𝑡, is defined by the following equation: 

sin 𝛼𝑐𝑟𝑖𝑡 =
𝑛2
𝑛1
⇔𝛼𝑐𝑟𝑖𝑡 = sin

−1 (
𝑛2
𝑛1
) 

where 𝑛1 is the refractive index of the medium in which light is initially travelling (e. g. water) and 𝑛2 is 

the refractive index of the emergence medium (e. g. air) (SCHMIDT + HAENSCH GmbH & Co, 2016) 

(Sartorius, 2016). 



8 
 

This relationship between beam angles in two adjoining media and their respective refractive 

index values is explained by Snell’s law, also known as Snell-Descartes law or just Descartes’ law: 

𝑛1 × sin 𝛼1 = 𝑛2 × sin 𝛼2 

where 𝛼1 is the angle of incidence and 𝛼2 is the angle of refraction. When the angle of refraction is 

equal to 90 degrees, sin 𝛼1 is equal to 1 and the equation for Snell’s law (law of refraction) becomes 

the critical angle equation (Anton Paar GmbH, 2016) (Sartorius, 2016) (SCHMIDT + HAENSCH GmbH 

& Co, 2016) (Refractometer.pl, 2016). 

The critical angle equation implies that if the refractive index value of the densest medium, 𝑛1, 

which can be the prism of the refractometer, is known, then the value of the refractive index of the 

sample, 𝑛2, can be obtained by measuring the critical angle of a light beam travelling through the 

prism and the sample in contact with it (SCHMIDT + HAENSCH GmbH & Co, 2016) (Anton Paar 

GmbH, 2016). 

 

 

2.1.2. RI dependence on wavelength and temperature 

 

 The refractive index of a sample depends on its temperature and on the wavelength of the 

incident light beam, so these parameters have to be precisely controlled during the measurement 

(Refractometer.pl, 2016) (SCHMIDT + HAENSCH GmbH & Co., 2016). 

In the visible wavelength range, a decrease of the refractive index is observed for increasing 

wavelength values. In the infrared wavelength there are several absorption maxima and so 

fluctuations result in the refractive index value. To ensure a high quality/resolution and accurate 

measurement the wavelength has to be correctly determined for the materials being analysed and the 

range must be as small as possible (Anton Paar GmbH, 2016). 

Refractive index is a function of temperature, as the medium density changes with 

temperature (Oregon State University, 2016). Media became less dense at higher temperatures, 

therefore the light beam crossing the sample encounters less solute molecules (Palma, 2016). RI 

depends both on the temperature of the sample and on that of the prism, and there are three different 

ways to control this effect: measuring the temperature in the target medium, measuring it in the inside 

of the sensor, or measuring it in the prism close to the medium. The most desirable is to measure the 

temperature directly in the prism very close to surface contacting the sample, since the other methods 

can only give an estimate of the temperature on the surface of the prism, during the RI measurement 

(Sartorius, 2016). Every temperature correction is substance-specific (SCHMIDT + HAENSCH GmbH 

& Co, 2016). There are several mathematical functions, known as scales, incorporating RI and 

temperature, used to obtain measured values which are not temperature-dependent, namely 

concentrations of the target substances. A user-defined scale can be created, if measurements of 

reference samples with known concentrations at different temperatures are performed and used to 

establish the calibration curve, namely a polynomial. The measurement accuracy is determined by the 

quality of the calibration polynomial, whereby a refractometer with high resolution might be useless if 
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used with a low quality calibration. Obtaining a good user-defined scale can be a very complex 

process (Sartorius, 2016). 

RI values are typically reported at a reference temperature of 20 ºC and at a reference 

wavelength of 589.3 nm, corresponding to the (yellow) sodium D line. Therefore, RI is usually stated 

as 𝑛𝐷 or 𝑛𝐷
20, where n stands for refractive index, D for the reference wavelength and 20 for the 

reference temperature (Palma, 2016). 

 

 

2.1.3. Refractometers 

 

Refractometers are very robust and resistant instruments and they do not have moving parts. 

Among their different types, there are traditional, digital, laboratory and inline process refractometers. 

The measurement principle of refractometers can be based on transmitted light or on total 

reflection. In the former, the interface between the two media is illuminated with a parallel light beam 

originating on the sample side, and changes are observed in the direction of the light as it travels (see 

figure 2.3). In the latter, the interface is illuminated with a divergent light cone originating on the prism 

side and the critical angle of total reflection is detected. The majority of the refractometers use the total 

reflection measurement principle, since it is not hampered by the sample properties, since light does 

not need to cross the sample. So, this type of measurement can be done on coloured, very turbid and 

otherwise optically dense samples, it is not affected by vibrations and other environmental 

disturbances, only one prism is needed (used both for illumination and observation) and renders the 

refractometers easier to integrate in the process and to clean (Sartorius, 2016). 

 

 

Figure 2.3 – Transmitted light versus Total reflection (Sartorius, 2016). 

 

The principal components integrating the structure of a process refractometer are the light 

source, the prism and the optical detector (see figure 2.4).  
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Figure 2.4 – Structure of a process refractometer (Sartorius, 2016). 

 

The light source used in the refractometer will influence the incident wavelength. As explained 

before, to achieve high resolution measurements, the wavelength range should be as small as 

possible, and the typical reference wavelength is 589.3 nm. Thus, it is required a narrow bandwidth 

light source with a wavelength of 589.3 nm. LED light sources are available emitting at this wavelength 

and are highly efficient for a long service lifetime. However they emit light with a large bandwidth (20 

to 30 nm). This problem is overcome with the integration of a filter with a small bandwidth (5 nm) in the 

light path. When compared with thermal emitters, LED lights lose only a small amount of radiation 

intensity during filtering and require less power and cooling fluids. 

The prism is the component against which the sample is placed for the measurement and it 

must meet criteria in terms of RI, light dispersion and mechanical and chemical resistance. A prism 

with a high RI, greater than almost any liquid, must be chosen (typically sapphire, 𝑛𝐷 = 1.76) in order 

to provide a larger measurement range. Moreover, the prism surface should be resistant to chemical 

attack, free of scratches, and it must not be damaged by cleaning or by the sample’s process flow. 

The detector is usually a CCD (Charge Coupled Device) line and the detection depends on the 

critical angle of total reflection, i.e., if the light beam enters at an angle higher than the critical angle of 

total reflection, the light is totally reflected and detected (Sartorius, 2016). 

Nowadays, laboratories and industries have different needs based on their applications, 

measurement environments, compliance requirements and operator training and experience level. 

Moreover, they do not want the equipment to measure just the RI, but also additional parameters, 

such as density or viscosity, to ensure efficient quality control. Therefore, the selection of a 

refractometer depends on the need for accuracy, sample throughput, location of the measurement, 

inter-operability with other instruments and requirements for data handling and processing. As a result, 

there are process refractometers which are able to communicate with other measuring devices and 

computers to store all the data in just one database (Palma, 2016). As such, it is important to set 

several criteria for the quality of the hardware and software of process refractometers to ensure they 

are able to sustain an accurate and reliable monitoring of the process (Sartorius, 2016). 
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2.1.4. Limitations of refractometry 

 

 The use of a refractometer will enable the determination of the concentration of a substance, if 

temperature and wavelength are known, and if an adequate calibration scale is available. However, it 

is also possible that different substances show the same RI value at different concentrations. Thus, a 

clear determination of concentration in liquid samples may only be successful up to binary solutions 

(SCHMIDT + HAENSCH GmbH & Co., 2016). In addition, to obtain consistent measurements, the 

mixture must be homogeneous, since heterogeneous samples  produce deviations in the reading 

(Sartorius, 2016). Multicomponent mixtures have defined RI values only for exactly defined component 

ratios (Anton Paar GmbH, 2016). 

 In carrying out measurements on process flows, refractometers may suffer from the building 

up of deposits on the prism, which lead to invalid readings, since the refractometer will be measuring 

the deposit’s RI instead of that of the sample. To overcome this problem, the prism has to be cleaned 

at regular time intervals. Some high quality process refractometers are able to detect deposits building 

up on the prism and activate an integrated cleaning system. 

 

 

2.1.5. Applications 

 

 Refractometers have a large number of diverse applications, both in laboratory and industry 

environments. 

The main applications are in the food and beverage and pharmaceutical industries, to monitor 

processes such as mixing (to check errors, and to optimize and control the process), concentration (to 

detect deviations and control the concentration/evaporation rate), cleaning (to check for traces of 

residual product in real time and ensure that there is no cross-contamination) and crystallization (to 

control the purity of pharmaceuticals in real time). So, refractometers are of major importance in 

quality control settings, where fast, real time RI measurements indicate whether the product is within 

specification or not (Sartorius, 2016) (Palma, 2016). 

In food and beverage, RI is commonly used to measure concentrations. Scales such as Brix, 

Oechsle and Baumé have become standard in food and beverage industry. The most studied, and 

thus the best known, is for solutions of sucrose in water, in which the refractometer measures the Brix 

index (sugar content in water) (SCHMIDT + HAENSCH GmbH & Co., 2016) (Sartorius, 2016). RI is 

also used to measure protein concentration and salinity.  

In the automobile industry, refractometers are used to measure the concentration of anti-

freeze agents in cooling fluids. In gemology, they are fundamental to identify gem materials. In home 

brewing, refractometers are used to measure specific gravity and determine the amount of 

fermentable sugars that will be converted to alcohol. In beekeeping, they are used to measure the 

quantity of water in honey (Zuccoli, 2011) (SPLABOR, 2016). 
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2.2. Spectrophotometry 

 

Spectrophotometry is an analytical method based on the interaction of light with matter. Light 

is a form of electromagnetic radiation that, when interacting with a substance, can be reflected, 

absorbed and transmitted. Spectrophotometry focuses on absorption and transmission and uses 

specific regions of the electromagnetic spectrum: ultraviolet (UV) (10-400 nm), visible (VIS) (380-

760 nm) and infrared (IR) (750 nm - 1 mm) (see figure 2.5) (GE Healthcare Life Sciences, 2012) 

(Chemistry Lab, 2016) (Atkins & Paula, 2011)  

 

Figure 2.5 – Infrared, Visible and near Ultraviolet regions of the electromagnetic spectrum (GE Healthcare Life Sciences, 

2012). 
 

 

2.2.1. Principles of Spectrophotometry 

 

The first principle of spectrophotometry is that the intensity of the radiation-matter interaction 

effect, e.g. color in the visible region, is a measure of the amount of absorbent molecules involved. 

I.e., in the application of spectrophotometry to solutions, as the concentration of solute increases, so 

does the absorption of light. If a sample absorbs light at all wavelengths in the visible region of the 

electromagnetic spectrum, it will appear black. Otherwise, if it absorbs at none of them, the sample will 

appear white. If a beam of white light strikes a sample that absorbs red light (650-780 nm), the sample 

will transmit light in the yellow and blue regions, thus appearing bluish-green, which is the 

complementary colour of red (Chemistry Lab, 2016) (UFRGS, 2016) (Kasvi, 2016). 

The second principle is that each individual substance absorbs or transmits lights at specific 

wavelengths of radiant energy. This absorption or transmission is associated to molecular electronic 

transitions, which occur when, by the interaction of electromagnetic radiation with the substance’s 

molecules, electrons are excited from a lower energy state to a higher energy state, due to the 

absorption of energy in the form of photons. The photon energy levels required to promote these 
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transitions are specific of each substance, and hence the absorption or transmission of radiation at 

specific wavelengths is a characteristic of that substance. The absorption phenomenon requires that 

the amount of energy contained in the incident photon equals the amount of energy needed to move 

the electron from the fundamental to the excited state. Thus, the selection of the appropriate radiation 

wavelength for the quantification of a given molecule is of major importance. It is a simple process and 

it involves submitting the substance to absorbance readings under a monochromatic light beam at 

successive wavelengths to identify those at which a higher absorption occurs. The obtained 

information about the capacity of the substance to absorb light can be converted into a graph of 

absorbance versus wavelength, named absorption spectrum (see figure 2.6). This absorption or 

transmission spectrum within a given wavelength range is therefore a fingerprint of the tested 

substance (Chemistry Lab, 2016) (InfoEscola, 2016) (Martinho, 2016). 

 

Figure 2.6 – Absorption spectrum of solutions at two different concentrations (Curve 1 > Curve 2). The wavelength 

corresponding to the peak of absorption is independent of the concentration of the substance (Chemistry Lab, 2016). 

 

The absorption spectrum is characteristic of each individual substance. However, it is possible 

that one or more substances absorb at the same wavelength ranges, but this does not invalidate the 

specificity of the method. Mathematical spectra processing methods can be applied to resolve the 

spectrum of a mixture of substances into the individual spectra of the mixture components.  

Another important aspect is that the sensitivity of the spectrophotometric detection depends on 

the wavelength selection, because high absorption intensity is required to detect the substance at low 

concentrations. 

 

 

2.2.2. Beer-Lambert Law 

 

In spectrophotometry, transmittance (T) is defined as the ratio between the intensity of light 

transmitted through the sample and the intensity of light applied to it: 
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𝑇 =
𝐼

𝐼0
 

where 𝑇 is transmittance, 𝐼 is the intensity of the transmitted light and 𝐼0 is the intensity of the incident 

light. The proportion of light absorbed by the sample does not depend on the intensity of the incident 

light. If a sample absorbs 80 % of the light (transmits 20 %), it will always absorb 80 % of the light 

regardless of the power of the light source. Thus, it is possible to compare absorption readings from 

diverse spectrophotometers with different light sources (GE Healthcare Life Sciences, 2012) 

(Chemistry Lab, 2016) (Atkins & Paula, 2011). 

 Absorbance (A) is defined as the negative of the decimal logarithm of transmittance. 

𝐴 = − log 𝑇 = − log
𝐼

𝐼0
= log

𝐼0
𝐼

 

Absorbance and transmittance are thus dimensionless variables and there is an inverse, non-linear 

relationship between them. The greater the absorbance, the smaller will the transmittance be 

(Chemistry Lab, 2016) (Atkins & Paula, 2011). 

 Within certain ranges, the intensity of absorption of radiation of a given wavelength passing 

through a uniform sample is directly proportional to both the concentration of the absorbing substance 

in the medium and the thickness of this medium (optical path length). This is expressed by the 

empirical Beer-Lambert law: 

𝐴 = 𝜀. 𝑙. 𝐶 

where A is the absorbance, 𝜀 is the molar absorption coefficient (𝐿.𝑚𝑜𝑙−1. 𝑐𝑚−1), 𝑙 is the optical path 

length (𝑐𝑚) and 𝐶 is the concentration of the absorbing substance in the medium (𝑚𝑜𝑙. 𝐿−1). The molar 

absorption coefficient, also called molar extinction coefficient, is a constant for a given substance, for a 

given temperature and a given wavelength of the incident radiation. 

 The Beer-Lambert law allows the direct comparison of results from measurements at different 

path lengths (normally, 1 𝑐𝑚). Also, it is used to determine the concentrations of species of known 

molar absorption coefficients, through the measurement of the absorbance of its solutions (GE 

Healthcare Life Sciences, 2012) (Atkins & Paula, 2011) (Skoog, West, & Holler, Fundamental of 

Analytical Chemistry, 1963) (Skoog, Holler, & Crouch, Principles of Instrumental Analysis, 2007). 

The concentration of a substance in a sample can also be determined, even if the value of 𝜀 is 

unknown, using a previously established calibration curve or calibration plot. This corresponds to a 

graph of the absorbance versus concentration values measured for several standard solutions of that 

substance, for which concentrations are precisely known (see figure 2.7). These calibration curves are 

subsequently used to determine the concentrations of unknown solutions, therefore their accuracy is 

of major importance. Namely, the standard solutions have to be prepared accurately and in identical 

conditions, only difference between them being the substance concentration. The obtained graph 

should prove the linear relation. Also, the Beer-Lambert law implies that when concentration is equal 

to zero, the absorbance must be also zero, i.e. the calibration curve must pass through the axis origin 

(Chemistry Lab, 2016) (UFRGS, 2016). 
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Figure 2.7 – Example of a calibration curve (UFRGS, 2016). 

 

 The Beer-Lambert law is empirical, valid under given conditions. The main cause of deviations 

to this law is using solutions with high concentrations. Above a concentration point called the linearity 

limit there is no longer a linear proportionality between absorbance and concentration values (see 

figure 2.8). The linearity limit represents the concentration limit at which the Beer-Lambert law is valid. 

At high concentrations, the interactions between molecules at small distances affect the analyte 

environment and its molar absorptivity. To overcome this effect, diluting is applied to the sample 

(Skoog, Holler, & Crouch, Principles of Instrumental Analysis, 2007) (UFRGS, 2016) (Martinho, 2016). 

 

 

Figure 2.8 – Linearity limit (UFRGS, 2016). 

 

 

2.2.3. Spectrophotometers 

 

The principal components integrating the structure of a spectrophotometer are the light 

source, the monochromator, the sample container, the detector and the signal processor (see figure 

2.9). 
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Figure 2.9 – General structure of a spectrophotometer (GE Healthcare Life Sciences, 2012). 

 

 The light source must be continuous, meaning that the radiant power must not change sharply 

over a considerable range of wavelengths. For the visible region of the spectrum (and also the near 

infra-red range), tungsten-iodine lamps are used, producing intense white light. For the ultraviolet 

region deuterium lamps are used. Both tungsten and deuterium lamps are required in order to cover 

the complete wavelength range of UV-VIS-IR (see figure 2.10). The xenon flash lamps are a high 

energy light source, covering the UV-VIS-IR regions of the electromagnetic spectrum, and like their 

name says they are not on constantly, but flash up to 80 times per second. These lamps have a very 

long lifetime, but do not provide the optical stability level of the deuterium and tungsten lamps. LED 

lamps are used for single wavelength applications and are stable, low cost, have a long life span and 

a smaller environment impact than tungsten lamps (GE Healthcare Life Sciences, 2012) (Atkins & 

Paula, 2011) (Skoog, West, & Holler, Fundamental of Analytical Chemistry, 1963) (Skoog, Holler, & 

Crouch, Principles of Instrumental Analysis, 2007). 

 

Figure 2.10 – Both tungsten and deuterium lamps are required in order to cover the complete wavelength range of UV-VIS-

IR (GE Healthcare Life Sciences, 2012). 

 

 The monochromator is the optical device that transmits a mechanically selected band of 

wavelengths (monochromatic light) from a wider range available from the light source (GE Healthcare 

Life Sciences, 2012) (Atkins & Paula, 2011). 
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 The sample containers, called cells or cuvettes, hold the samples and must be made of a 

material that does not absorb the radiation in the spectral region of interest. For the ultraviolet region 

of the spectrum quartz or fused silica are used, whereas for the visible region glass and plastic can be 

used. The quality of the absorbance data depends critically on the way cells are used and maintained. 

Fingerprints, grease, dust or other deposits on the walls alter the transmission characteristics of the 

cell. Therefore, cell cleaning before use is of major importance. Moreover, multiple cells should be 

calibrated regularly against each other using a standard absorbing solution (Skoog, Holler, & Crouch, 

Principles of Instrumental Analysis, 2007) (InfoEscola, 2016). 

 The detector and signal processor are devices that detect the transmitted radiation and 

convert it into an electrical current or potential difference signal, and subsequently process it to 

produce the displayed absorbance reading (Atkins & Paula, 2011). 

 There are two main types of spectrophotometers, namely, single beam and double beam. In 

the single beam instruments, the whole radiation beam from the monochromator, crosses the sample 

holding cell and the intensity of light is measured both with the sample in place and with a reference 

liquid in place. In the double-beam type, the light source emits a single beam, which is divided in two 

beams after passing through the monochromator. One beam is directed to the cell holding the 

reference, while the other beam is directed to the cell holding the sample. The two readings are 

collected simultaneously, allowing the comparison between their transmitted light intensity. The double 

beam readings are easier and more stable than the single beam readings, but the latter instruments 

are simpler and more compact (Skoog, Holler, & Crouch, Principles of Instrumental Analysis, 2007) 

(Martinho, 2016). 

 When choosing a spectrophotometer for a laboratory or an industrial application, several 

features must be taken into account, such as: required level of sensitivity, range of sample volumes to 

be measured, the possibility to measure multiple samples at the same time, compliance requirements, 

inter-operability with other instruments, requirements for data handling and processing, requirements 

for operator training and level of experience. Moreover, the spectrophotometer specification has to 

result from a fine balancing between bandwidth, absorbance range, system noise and cost. The ideal 

would be a narrow bandwidth instrument with a wide absorbance range, low noise and low cost. 

However, reducing the bandwidth reduces the absorbance range (less available light) and, to 

overcome this, a more powerful light source and/or more sensitive detectors would be needed, which 

would increase the system noise. High specification electrical systems and detectors would help in 

reducing the noise, yet at a much higher cost than sometimes is affordable (Chemistry Lab, 2016). 

 

 

2.2.4. Applications 

 

Spectrophotometers are used in a wide range of apllications, from wastewater analysis, to 

pharmaceutical quality control and food analysis. Spectrophotometric analysis can be qualitative to 

identify unknown substances, through their characteristic spectra in the UV, VIS or IR ranges, or 

quantitative to quantify the concentration of chemical substances, through the measurement of 

absorption and transmission of light across the sample containing them (UFRGS, 2016) (Kasvi, 2016).  
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2.3. Water Quality Parameters: BOD, COD, TOC 

 

 In wastewater characterization, from urban and industrial origins such as the pharmaceutical 

industry, a problem arises from the many different types of components that end up in it (such as 

different types of API and solvents used in the process). Still, there are similar characteristics such as 

the fact that the contamination is mostly of organic origin. Therefore, the following parameters are 

typically used to measure the polluting organic load in these wastewaters: Biochemical Oxygen 

Demand (BOD), Chemical Oxygen Demand (COD) and Total Organic Carbon (TOC). 

 

 BOD is one the most used parameters and determines the quantity of oxygen consumed by a 

mixed culture of microorganisms to aerobically oxidize the biodegradable organic compounds in the 

effluent to CO2, H2O and other minerals. In order to do this, it is necessary to measure the dissolved 

oxygen (DO) levels in the wastewater sample before and after the incubation period. This parameter is 

also an indicator of the biodegradability of the organic load and it is used to design wastewater 

treatment facilities comprising biotreatment stages, to measure the efficiency of the treatment 

processes and to assess compliance with wastewater discharge permits. There are variants of the 

BOD test that differ in the incubation time, but the most used is the BOD5, in which the incubation time 

is 5 days, at 20 ºC. Theoretically, in order for the biochemical oxidation be completed, it would be 

necessary an infinite time of incubation (Ultimate Oxygen Demand or BODTotal), since the process is 

relatively slow and is generally not completed in 5 days. At the end of this period only about 60 to 

70 % of a typical urban organic load is oxidized (Metcalf & Eddy, Inc, 1991) (Novais, 2012). 

 

COD is used to measure, in oxygen equivalents, the organic matter in a sample that is 

susceptible to be oxidized to CO2 and other minerals, by the action of a strong chemical oxidant in an 

acidic medium. The test must be performed at an elevated temperature and the oxidizing agent most 

employed in the process is potassium dichromate. The amount of consumed dichromate is converted 

to its oxygen equivalent for the final expression of the COD value. A catalyst is required (silver sulfate) 

to drive the oxidation process as close as possible to completion. In a general way, the reaction may 

be represented by the following unbalanced equation, for a simplified organic substance: 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟(𝐶𝑎𝐻𝑏𝑂𝑐) + 𝐶𝑟2𝑂7
2− + 𝐻+

𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡+ℎ𝑒𝑎𝑡
→          𝐶𝑟3+ + 𝐶𝑂2 + 𝐻2𝑂 

However, there are several interferences in these tests, namely: some organic compounds are 

not totally oxidized; some inorganic compounds are also oxidized, leading to organic content 

overestimation; volatile compounds are only oxidized to the extent with which they stay in contact with 

the liquid media and the heat generated from adding sulfuric acid to the flask may drive volatile 

compounds out of the solution even before the reflux setup is in place. Normally, the COD value for a 

given wastewater is higher than its BOD value, since the latter only refers to the biodegradable 

fraction of the organic matter. In case of industrial toxic wastes, COD gives a more realistic value than 

BOD, because the microorganisms in the latter test will be inhibited. If COD and ultimate BOD show 
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similar values, it means the effluent’s organic content is highly biodegradable (Baker, 1999) (Novais, 

2012) (Metcalf & Eddy, Inc, 1991) (S. Clesceri, E. Greenberg, & Trussell, 1989). 

 

TOC measures the amount of carbon present in the wastewater sample in the form of organic 

compounds and is especially applicable to the small concentration range, due to its high sensitivity. 

The organic carbon is converted into carbon dioxide in a high temperature furnace or in a chemically 

oxidizing environment in the presence of a catalyst. The CO2 produced is quantitatively measured by a 

nondispersive infrared analyzer. The TOC result does not depend on the oxidation state of the organic 

matter in the sample and does not detect other organic compound elements, like hydrogen and 

nitrogen, or inorganics that may interfere in BOD and COD measurements. Inorganic carbon can be 

removed prior to the oxidation step by acidification and aeration of the sample or it can be separately 

quantified in a sample aliquot that does not undergo oxidation. However, certain organic compounds 

may resist the oxidation process and the measured TOC value will therefore underestimate the real 

amount of organic carbon present in the sample (Metcalf & Eddy, Inc, 1991) (S. Clesceri, E. 

Greenberg, & Trussell, 1989). 
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3. Materials and Methods 

 

3.1. Materials 

 

 For the tests carried out in a controlled environment, both in the laboratory (bench) and with 

the sensor support structure (skid), some of the solvents most used in the manufacturing operations 

were employed. For dilution, distilled and industrial water were used in the bench and skid tests, 

respectively. The solvents were classified as either miscible or partially miscible/immiscible. The 

miscible solvents were methanol, ethanol, isopropanol, acetone, acetonitrile, trimethylamine (TEA) 

and dimethylformamide (DMF), whereas the partially miscible/immiscible solvents were isopropyl 

ether, dichloromethane (DCM), hexane and heptane. Besides solvents, other compounds were also 

used in the tests, namely, the cooling fluid (brine) and three cleaning agents, specifically, Chematic 7 

(acid), Chematic 82 (basic) and KOH. 

 In the field tests (non-controlled environment), different types of industrial water and effluent 

streams were analyzed, namely: purified water, industrial water, waters from cooling circuits, effluents 

from the washing of equipment, aqueous effluents from the regeneration of solvents, effluents from the 

regeneration of adsorption columns and mixed industrial effluents from the drainage network collecting 

boxes and tanks. 

 Samples collected during the performed tests were analyzed in the laboratory to measure their 

COD level using Spectroquant
®
 COD Cell Test Kits from Merck (Germany), with a measuring range of 

300 – 3500 mgO2/L. For this purpose, it was necessary to dilute some of the samples with distilled 

water. 

 

 

3.2. Instrumentation 

 

 The two main instruments used in this study were the sensors being tested, which were the 

spectrophotometer and the refractometer. 

 The spectrophotometer (Figure 3.1) collected online absorbance measurements in the UV-

-visible range, and also measured the temperature. The probe was connected to a controller, which 

displayed values for temperature (ºC), CODeq (ppm) and TSSeq (ppm). The controller did not disclose 

the original UV-visible spectra. Instead it converted absorbance values to COD and TSS equivalent 

values, through an internal, factory developed algorithm based on multivariable calibration using 

domestic wastewaters. The measuring ranges were (-20)-70 ºC for temperature, 0-450 ppm for CODeq 

and 0-1000 ppm for TSSeq. 
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Figure 3.1 – Spectrophotometer and controller. 

 

 The refractometer was a beta version adapted for continuous, online monitoring. It measured 

refractive index (RI, nD) and temperature (ºC) at the following standard conditions: wavelength 

λ=589 nm (sodium D-line) and temperature T=20 ºC. The measuring range for temperature was (-20)-

70 ºC. The sensor was connected to a controller, which recorded the data (Figure 3.2). 

 

 

Figure 3.2 – Refractometer and controller. 

 

 In addition to these instruments, a flowmeter and a datalogger were also used. The flowmeter 

had an electromagnetic flow measuring system, which means that the flowing fluid was the moving 

conductor. This flowmeter was capable of measuring flow rate values up to 10 m
3
/min, with a fluid 

temperature up to 60 ºC and pressure up to 16 bar. The datalogger was an ecograph, which recorded 

and displayed in graphs the data from the flowmeter and from the other controllers, with the possibility 

of limit value insertion for each parameter (see figure 3.3). 
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Figure 3.3 – Ecograph. 

 

 In the laboratory protocol for the analysis of COD in the samples collected during the tests, a 

thermal reactor and a photometer were used (see figure 3.4). 

 

 

Figure 3.4 – Thermal reactor and photometer. 

 

 

3.3. Experimental setups 

 

3.3.1. Bench tests 

 

 For the bench tests, the sensors were placed on the laboratory bench and connected to a 

power line (see figure 3.5). For the spectrophotometer measurements, samples were contained in a 

beaker with a working volume of 500 mL, and the probe was immersed in the liquid in such a way that 

the liquid level was above the reading window. The refractometer readings were made with the 

sample contained in a plastic cup, with a volume of 20 mL (see figure 3.6), which fitted the reading 

surface of the probe so that no air bubbles remained between in and the tested sample. Dilutions were 

directly prepared in both containers, with the tested chemicals and distilled water (see section 3.4.1.). 
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Figure 3.5 – Probes set up on the laboratory bench. 

 

 

Figure 3.6 – Plastic container with a volume of 20 mL for the refractometer readings. 

 

 

3.3.2. Skid tests 

 

 To proceed to the following phase of tests, it was necessary to develop a structure to support 

the sensors and the flowmeter, inserted in a fluid line that could be connected to the source of 

wastewater to be analyzed in flow mode. This structure was to facilitate their transport and handling, to 

be used in larger scale controlled environment tests (with samples prepared in industrial containers) 

and subsequently to monitor the wastewaters at different areas of the industrial facility. 

 So, following the specification sheets of the used instruments, a support structure was 

designed and built, hereinafter referred to as skid (see figure 3.7). 
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Figure 3.7 – Scheme of the skid layout. Piping nominal diameter values are indicated. 

 

 The skid support panel was made of polypropylene (PP), as it is a material resistant to 

chemical spills and is less heavy than a metal panel. Referring to figure 3.7, the liquid flow follows 

from the piping point labeled as “in” to that labeled as “out”, with all instruments in the upward flow 

section,  to avoid air bubbles. Entry and exit points both are 1” in diameter to facilitate the coupling of 

1” hoses. Following the flow path in the skid assembly, there is a no-return valve before the flowmeter, 

to ensure that there is no flow return and the section of the pipeline remains filled with liquid. All piping 

is in PP, except the sections immediately upstream and downstream of the flowmeter, which are in 

stainless steel and grounded (to dissipate stray currents, following the instruments’ specifications). Up 

to the second metal section, the tubing is 1” in diameter, increasing to 1
1/2

 ” hereafter. Subsequently, 

the spectrophotometer (probe 1) is inserted, followed by a glass window (for visual checking of the 

liquid passing through), a sample collection point and another retention valve (with the same purpose 

as the one before). Immediately afterwards, the piping diameter increases to 3 ”. Finally, the 

refractometer (probe 2) is inserted and thereafter the tubing diameter decreases again to 1‘’. The 

controllers for each sensor and the datalogger are also fixed to the panel. Figure 3.8 shows an image 

of the skid together with its scheme. 
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Figure 3.8 – Scheme and image of the skid layout. 

 

 Skid tests with the aid of two different industrial containers, namely an intermediate bulk 

container (IBC, hereinafter referred to as TAM, tanque de armazenamento, which is the facility internal 

designation) or a drum, were carried out with setups schematized in Figure 3.9 and Figure 3.10, 

respectively. The set up was similar for both, the only difference being the container type. The IBC is a 

plastic container 1 m
3
 in capacity, whereas the drum, also in plastic, has a capacity of 50 L. In both 

setups, a pneumatic pump was required to drive the liquid from the container, through hoses 1” in 

diameter, to the skid and back, as shown in Figure 3.9 and Figure 3.10. As described in section 3.4.2, 

for some of the performed tests the liquid was recirculated between the skid and the container, 

whereas in others the liquid exiting the skid was directly discharged to the industrial sewage drain.  

 

 

Figure 3.9 – Set up for the skid tests with the aid of a TAM. 
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Figure 3.10 – Set up for the skid tests with the aid of a drum. 

 

 For the skid field tests, the setup was arranged as allowed by the production procedures and 

wastewater discharge conditions at the different areas of the industrial facility. The wastewater was 

directly retrieved from the sources, with the help of the pneumatic pump (in a few tests the pump was 

not needed) and directly discharged from the skid to the industrial sewage drain. 

 

 

3.4. Experimental methods 

 

3.4.1. Bench tests 

 

The tests carried out in the laboratory had as goal the assessment of which compounds or 

mixtures the sensors could detect, among those most likely to be present in the industrial wastewater. 

Regarding the miscible solvents, the pure compounds were analyzed, as well as their mixtures 

with water at dilution factors of 1:200, 1:400 and 1:800, whereas for the partially miscible/immiscible 

solvents, the pure compounds and their water mixtures at a dilution factor of 1:40 were analyzed. 

Concerning the cleaning agents, water solutions were prepared with concentrations close to 

those used in the manufacturing areas, namely, 2.5 and 5 % (w/v) for KOH and 1 % (v/v) for both 

Chematic 7 and Chematic 82. Mixtures were also prepared containing 1 % (v/v) of either Chematic 7 

or Chematic 82 and each of the partially miscible/immiscible solvents at a dilution factor of 1:40 in 

water. For the cooling fluid (brine), solutions in water at dilution factors of 1:100 and 1:200 were 

analyzed. 

For each of the prepared solutions and mixtures, the sensors were placed in the respective 

measurement containers for about 5 to 10 minutes, to allow for stabilization of values, at room 

temperature. Between each measurement, the sensors were thoroughly washed with distilled water 

(and detergents, as required), to ensure that everything was clean for the following test. At regular 

intervals, a measurement with distilled water was carried out, between two of the other measurements. 
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3.4.2. Skid tests 

 

The tests performed with the skid were divided in three main stages: detection of the presence 

of contamination in a controlled environment (to detect a change in the wastewater from “non-

-contaminated” to “contaminated” status); detection of the absence of contamination in a controlled 

environment (to detect a change from “contaminated” to “non-contaminated” status); and field tests 

carried out at the manufacturing areas. The latter comprised tests to assess changes in quality of 

wastewaters generated during transient procedures (e.g., equipment washing), as well as longer run 

tests for the monitoring of wastewater changes along time at point locations in the industrial sewage 

network. 

The tests to detect the presence of contamination were performed with the skid-IBC 

arrangement and always in total recirculation mode, to promote good mixing. Since the partially 

miscible/immiscible solvents did not mix with water, these tests were only performed with miscible 

solvents. In practice, this series of tests started with the filling of the IBC with 200 L of industrial water 

and its recirculation between the skid and the IBC, to produce sensor baseline readings. 

Subsequently, a given amount of solvent was added, in one or more stages, to produce dilution ratios 

between 0.25:1000 and 3:200 using a single solvent. During this phase, a change in the sensor 

readings was looked for, which corresponded to a change in the solution status from “non-

contaminated” to “contaminated”. After reading stabilization at the highest solvent level, given amounts 

of industrial water were added to the IBC, in one or more stages, to promote dilution and assess the 

sensor reading response. As an extra, these type of tests were also performed with the cooling fluid 

and cleaning agents, but instead of the IBC, a drum was used. For more detailed information about 

the exact quantities of industrial water and solvents or chemicals added to the used containers, see 

section 4.2.1. 

The tests to detect the absence of contamination were performed in the skid-drum 

arrangement, using all solvents listed in section 3.1, and the procedure differed according to their 

miscibility with water. For the miscible ones, the method comprised two consecutive stages: in the first, 

the recirculation mode with solvent addition, as described above, was used, followed by dilution with 

water in open circuit; in the second, the washing of the drum was simulated. Thus, in the first stage, 

industrial water was first passed through the skid fluid line to produce the baseline readings and then 

the drum was filled with 50 L of industrial water and operated in recirculation with the skid, to ensure 

good mixture. After this, a given amount of each single miscible solvent was added to the drum, to 

produce a dilution factor in the 0.3:50 to 0.5:50 range. The procedure followed that described in the 

previous paragraph. Then, a few minutes after the last addition (to allow for stabilization of the 

readings), the drain valve was opened and the solution was no longer recirculated from the skid to the 

drum, but discharged to the industrial sewage drain. Simultaneously, industrial water was added to the 

drum to promote dilution down to the non-contaminated status, after which the drum was completely 

emptied to the drain. The second stage of the procedure, corresponding to the simulated washing, 

started with the splashing of a given amount (between 0.3 and 0.5 L) of the same solvent used in the 
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first stage onto the drum’s inner wall, followed by washing of the inner drum with industrial water, with 

the liquid passing through the skid fluid line to the drain, until it reached the non-contaminated status. 

When the partially miscible/immiscible solvents were tested, the first stage of the above 

described procedure was not performed, since the solvents did not mix with water. So only the second 

stage (washing simulation) was performed, always keeping a very low volume of mixture inside the 

drum (less than 10 % of its working volume), to maximize the efficiency of wash water use. Thus, the 

procedure started with the passing of industrial water through the skid for the baseline readings, and 

then the solvent was splashed onto the drum’s inner wall, followed by the draining of the liquid with 

simultaneous adding of the industrial wash water, with the flow directed to the drum’s bottom. After a 

few minutes, the industrial water flow was shifted to the drum’s inner wall and then, a few minutes 

later, again to the drum’s bottom. Finally, a second portion (same volume) of the same solvent was 

delivered onto the drum’s wall and the procedure was repeated as here described. The objective of 

alternating the wash water flow between the drum’s bottom and wall was to check whether a change 

in the sensor readings was observed. For more detailed information on the exact quantities of 

industrial water and solvents added to the used drum, see section 3.4.2. 

For the skid tests in the field, where the object of analysis was real wastewater generated in 

the industrial ancillary operations in the manufacturing areas, the procedures were adapted to the 

conditions available in the different areas, without interfering with the normal operating procedures 

which were going on. For specific information see section 4.3. 

 After every test was completed, the skid and accessories (hoses, pneumatic pump and IBC or 

drum) were thoroughly washed with water (and auxiliary agents, such as detergents, as required), to 

ensure that everything was clean for the following test. 

 

 

3.4.3. Sampling for COD analysis 

 

In the bench tests, samples of the tested chemicals and mixtures were directly taken from the 

vessels where they were prepared and used for COD analysis. 

In the skid tests, samples were collected during the tests using the sampling point inserted in 

the fluid line (see figure 3.7. in section 3.3.2). Samples were stored in 25-mL amber glass flasks with 

plastic cap, filling them to the top to avoid further contact of the liquid with air. The samples were 

analyzed for COD as soon as possible after the end of the correspondent test (the storage time was 

never over 8 hours). 

The method for COD analysis followed the kit manufacturer’s instructions (see section 3.1). It 

is analogous to Standard Test Methods for Chemical Oxygen Demand (Dichromate Oxygen Demand) 

of Water ASTM D1252-06 B. In this method the sample is oxidized with a hot sulfuric solution of 

potassium dichromate, with silver sulfate as catalyst, and chloride interference is eliminated with 

mercury sulfate (Merck, 2016). For more detailed information about the COD tests see Appendix 1. 

  



29 
 

4. Results and Discussion 

 

The results will be presented, with a brief discussion, in three groups: first the results from the 

tests performed in the laboratory (4.1. Bench Tests), then those from the tests performed in the skid 

with the aid of a TAM or a drum (4.2. Skid Tests) and finally the tests carried out with the skid in field 

conditions (4.3. Field Tests). 

 

 

4.1. Bench Tests 

 

The goal of the tests performed at the laboratory bench was to check which compounds and 

mixtures the sensors could detect or not. Consequently, based on the results, the team could decide 

with which probe to move on to the next phases of tests. 

 As explained in the previous chapter, several measurements were made, with both sensors, 

on pure solvents, on mixtures of solvents with water at different dilution factors, on water solutions of 

cooling fluid and of cleaning agents with the same dilution factors used in the plant operations, and on 

mixtures of partially miscible/immiscible solvents with water and cleaning agents. The obtained 

measurement values are shown below (Table 4.1) together with the respective COD values of the 

analyzed samples. 

 

Table 4.1 - Measurements results obtained in the bench tests by the refractometer and the spectrophotometer on several 

compounds and mixtures and respective COD values. NM - Not measured; NV - No value was given by the 

spectrophotometer. 

Compound Dilution 
COD

MERCK
 

(ppm) 

Refractometer Spectrophotometer 

RITemp. Corr. (nD) 
T 

(ºC) 
COD (ppm) TSS (ppm) T (ºC) 

Methanol 

1:200 NM 1.33338 22.30 NV NV 21.4 

1:400 3204 1.33333 22.20 NV NV 21.4 

1:800 NM 1.33327 21.80 NV NV 21.2 

pure NM 1.32876 20.95 NM NM NM 

Ethanol 

1:200 NM 1.33368 23.10 NV NV 19.4 

1:400 NM 1.33351 23.00 NV NV 18.9 

1:800 4084 1.33346 23.10 NV NV 18.8 

pure NM 1.36205 20.04 NM NM NM 

Isopropanol 

1:200 NM 1.33357 21.70 NV NV 20.9 

1:400 NM 1.33339 21.70 NV NV 20.8 

1:800 4516 1.33336 22.00 NV NV 20.9 

pure NM 1.37706 22.10 NM NM NM 

Acetone 
Acetone 

1:200 NM 1.33370 23.20 23.54 NV 23.2 

1:400 NM 1.33360 23.40 11.04 NV 23.4 
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Compound Dilution 
COD

MERCK
 

(ppm) 

Refractometer Spectrophotometer 

RITemp. Corr. (nD) 
T 

(ºC) 
COD (ppm) TSS (ppm) T (ºC) 

1:800 2060 1.33353 23.50 5.30 NV 23.6 

DMF 

1:200 NM 1.33401 23.50 NV NV 23.7 

1:400 NM 1.33369 23.10 NV NV 23.4 

1:800 1100 1.33352 22.90 NV NV 23.4 

TEA 

1:200 NM 1.33378 22.80 0.98 NV 23.2 

1:400 NM 1.33350 22.60 0.26 NV 23.1 

1:800 406 1.33340 22.40 0.03 NV 23.1 

Acetonitrile 

1:200 NM 1.33336 20.50 NV NV 20.2 

1:400 NM 1.33324 20.50 NV NV 19.7 

1:800 1380 1.33320 20.60 NV NV 19.6 

Isopropyl 
Ether 

1:40 6492 1.33402 23.40 NV NV 23.5 

pure NM 1.36777 22.50 NM NM NM 

DCM 1:40 3548 1.33387 18.85 NV NV 18.2 

Hexane 
1:40 132 1.33304 20.10 NV NV 19.3 

pure NM 1.37680 20.20 NM NM NM 

Heptane 
1:40 1380 1.33343 23.19 NV NV 22.9 

pure NM 1.38889 22.22 NM NM NM 

Brine 
1:100 3552 1.33368 23.68 NV NV 22.2 

1:200 NM 1.33353 23.33 NV NV 22.1 

Chematic 7 

1% 420 1.33375 19.50 NV NV 19.4 

1% + DCM 1:40 3728 1.33456 21.13 NV NV 20.0 

1% + ether 1:40 4256 1.33441 22.76 NV NV 22.0 

1% + hexane 1:40 460 1.33410 22.30 NV NV 22.5 

1% + heptane 1:40 500 1.33393 22.85 NV NV 22.6 

Chematic 82 

1% 2156 1.33411 18.82 15.49 NV 18.2 

1% + DCM 1:40 3420 1.33526 23.31 26.40 5.64 23.0 

1% + ether 1:40 9072 1.33462 18.89 20.03 0.49 19.0 

1% + hexane 1:40 2464 1.33420 20.25 18.83 0.69 19.1 

1% + heptane 1:40 2788 1.33390 19.60 17.44 1.21 18.9 

KOH 
2,5% 82 1.33838 20.58 NV NV 19.9 

5% NM 1.34333 20.42 NV NV 19.5 
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 Since the objective was to check which compounds and mixtures were detected or not by the 

probes, Table 4.2 sums up the results and shows them in a more visual way, the red cross standing 

for no detection, and the green right standing for detection. 

 

Table 4.2 - Summary of the bench test measurements results, achieved with the spectrophotometer and the refractometer on 

different compounds and mixtures, classified as allowing the detection of the test compounds (green right symbol) or not 

allowing it (red cross symbol). 

Category Compound/Mixture 
Results 

Spectrophotometer Refractometer 

Miscible Solvent 

Methanol 
  

Ethanol 
  

Isopropanol 
  

Acetone   

Acetonitrile 
  

TEA   

DMF 
  

Immiscible Solvent 

DCM 
  

Isopropyl Ether 
  

Hexane 
  

Heptane 
  

Coolant Agent Brine 
  

Cleaning Agent 

KOH 
  

Chematic 7 
  

Chematic 82   

Cleaning Agent 
 

+ 
 

Immiscible Solvent 

Chematic 7 + DCM 
  

Chematic 7 + Isopropyl Ether 
  

Chematic 7 + Hexane 
  

Chematic 7 + Heptane 
  

Chematic 82 + DCM   

Chematic 82 + Isopropyl Ether   

Chematic 82 + Hexane   

Chematic 82 + Heptane   

 

 

 From Table 4.2, it can be seen that the spectrophotometer only detects two of the tested 

miscible solvents (acetone and TEA), one of the cleaning agents (Chematic 82), and mixtures of this 

cleaning agent with the partially miscible/immiscible solvents, whereas the refractometer allows the 
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detecting of all the tested compounds and mixtures. Namely, the spectrophotometer does not detect 

the presence in water of most of the solvents used in the plant. Among the non-detected is DCM, 

which is of major importance due to the low emission value limit imposed for its level in the wastewater 

to be discharged into the municipal wastewater network (1 ppm). On the contrary, the refractometer 

detects the presence of all tested compounds, including DCM. The main disadvantage that can be 

pointed to the refractometer is that the RI reading varies with temperature (e.g., for each 1 ºC 

increase, the RI decreases 0.0002 nD). However, this disadvantage is a characteristic inherent to the 

method and does not depend on the equipment used, thus the RI reading can be corrected for a 

standard temperature of 20 ºC. This correction was applied to the readings, since the feature was 

available in the used equipment. Therefore, it was clear that the tests should proceed to the next 

phases employing only the refractometer. So the subsequent results reported in this document relate 

only to the refractometer.  
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4.2. Skid Tests 

 

As explained in section 3.4.2, the tests executed in the skid with the aid of a TAM or a drum 

had, as goals, the assessment of the system’s ability to detect both the presence of contamination (to 

perceive a change from “non-contaminated” to “contaminated” status) and the absence of 

contamination (to perceive a change from “contaminated” to “non-contaminated” status). An additional 

goal was to assess whether a correlation could be established between the RI readings and the COD 

values measured on the samples collected during the tests. Thus, the results are presented in three 

groups, according to these three goals. 

The results of the tests for the presence and absence of contamination are presented in 

graphs (figures 4.1 to 4.10 and 4.11 to 4.19, respectively), in which the horizontal axis represents the 

duration of the test (Time – hour:minute), the primary vertical axis shows the refractive index readings 

after the temperature correction for 20 ºC (RITemp. correc., nD) and the secondary vertical axis shows the 

COD of the samples collected during the test (ppm). These graphs present three types of information: 

a continuous line representing the RI values, read in the primary vertical axis, in different colours 

representing the different stages of the test (identified in the legend); squares giving the COD values 

of the samples, read in the secondary vertical axis, with colours matching those of the RI line, for the 

different stages of the test; a horizontal line giving the COD limit for classification as “non-

contaminated” status (1500 ppm), which is also read in the secondary vertical axis. 

Finally, the results of the assessment of correlations between RI and COD are also presented 

in graphs (figures 4.20 to 4.23), in which the horizontal axis represents the COD of the samples 

collected during the test (ppm)  and the vertical axis shows the corresponding RI readings after 

temperature correction for 20 ºC (RITemp. correc., nD). 

 

 

4.2.1. Assays to detect the presence of contamination 

 

Concerning the first goal, namely to detect a change from “non-contaminated” to 

“contaminated” status, the tests performed in the skid used only the miscible solvents. This was 

because these tests relied on the mixing of the solvents with industrial water, to produce different 

concentration levels, and the partially miscible/immiscible solvents do not mix with water. As referred 

in section 3.4.2 these tests were performed with the aid of a TAM, except for the tests employing the 

cooling and cleaning agents, that used a drum. The results of these tests are shown in figures 4.1 – 

4.10. 
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Figure 4.1 – Evolution of RI and COD during a test with methanol diluted in industrial water. The test started with 200 L of 

industrial water in recirculation between the skid and the TAM; after a few minutes, 1 L of methanol was added to the TAM; 

minutes later, a second addition of 1 L of methanol was performed; later, a third addition of 1 L of the same solvent was 

performed; finally, 200 L of industrial water were added to the TAM. Recirculation was always in operation. 

 

 

Figure 4.2 – Evolution of RI and COD during a test with ethanol diluted in industrial water. The test started with 200 L of 

industrial water in recirculation between the skid and the TAM; minutes later there was a first addition of 0.5 L of ethanol to 

the TAM; after a few minutes, a second addition of 0.5 L of ethanol was performed; later, 200 L of industrial water were 

added to the TAM; finally another 200 L of industrial water were added to the TAM. Recirculation was always in operation. 

 

 

Figure 4.3 – Evolution of RI and COD during a test with acetonitrile diluted in industrial water. The test started with 200 L 

of industrial water in recirculation between the skid and the TAM; after a few minutes, 0.5 L of methanol were added to the 

TAM; minutes later, 200 L of industrial water were added to the TAM. Recirculation was always in operation. 
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Figure 4.4 – Evolution of RI and COD during a test with isopropanol diluted in industrial water. The test began with 200 L 

of industrial water in recirculation between the skid and the TAM; then 0.25 L of isopropanol were added to the TAM; a few 

minutes later 50 L of industrial water were added; after a while, another 50 L of industrial water were added to the TAM and 

this step was repeated two more times each with 50 L of industrial water; then two further additions 100 L of industrial water 

were performed; finally, another two further additions 200 L of industrial water. Recirculation was always in operation. 

 

 

Figure 4.5 – Evolution of RI during a test with acetone diluted in industrial water. The test started with 200 L of industrial 

water in recirculation between the skid and the TAM; after a while there was a first addition of 0.25 L of acetone; later, 100 L 

of industrial water were added to the TAM. Recirculation was always in operation. 

 

 

Figure 4.6 – Evolution of RI during a test with TEA diluted in industrial water. The test started with 200 L of industrial 

water in recirculation between the skid and the TAM; minutes later there was a first addition of 0.25 L of TEA to the TAM; 

later, 100 L of industrial water were added to the TAM; after a while another 100 L of industrial water were added to the 

TAM. Recirculation was always in operation. 
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Figure 4.7 – Evolution of RI during a test with DMF diluted in industrial water. The test started with 200 L of industrial 

water in recirculation between the skid and the TAM; minutes later there was a first addition of 0.25 L of DMF to the TAM; 

later, 100 L of industrial water were added to the TAM; after a while another 100 L of industrial water were added to the 

TAM. Recirculation was always in operation. 

 

 Observing the graphs in general, there is a high variability in the results obtained with the 

tested miscible solvents.  

In the tests with methanol and ethanol (figures 4.1 and 4.2, respectively) the refractometer 

detected the change from no contamination (just industrial water) to contamination (addition of 

solvent). The RI readings responded in steps, i.e., after each solvent addition the RI value increased 

and minutes later it stabilized. Also, when industrial water was added the RI readings decreased and a 

few minutes later were also stabilized. This increasing and decreasing behaviour of RI values is 

therefore directly related with the increase and decrease, respectively, of industrial water 

contamination by the solvent, which is confirmed by the COD results obtained from the samples 

collected during the tests (see section 4.2.3.). 

In the graph from the test with acetonitrile (figure 4.3), it can be seen that the RI reading 

increased and minutes later stabilized when the solvent was added, thus detecting the change from 

no-contaminated to contaminated status. However a decrease in the RI values was not observed 

when industrial water was added, even though the COD analysis to the final sample of the test 

confirmed a reduction in the COD (level of contamination). The RI sensor response appeared to reach 

saturation already at the concentration level corresponding to the final dilution. So the sensor detected 

the presence of contamination (addition of solvent) at very low levels, possibly under the limiting COD 

value. 

In relation to the graphs of the tests with isopropanol, acetone, TEA and DMF (figures 4.4, 4.5, 

4.6 and 4.7, respectively) the refractometer detected the status change from no contamination to 

contamination, when each solvent was added to the industrial water. However, the RI values never 

stabilized after the additions of both solvent and diluting industrial water, so no baseline answer could 

be obtained even with only industrial water. Step increases and decreases were observed as a result 

of the solvent and water aditions, respectively, but the consistent increase of the reading along time 

was never interrupted. This behaviour rendered these tests inconclusive as to whether the changes in 
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status from non-contaminated to contaminated could be detected by RI measurements, with these 

solvents in water media. 

The reason why a baseline answer was not observed in figures 4.3 – 4.7 is possibly related to 

the tests performed with immiscible solvents, which alternated with these, using the same skid-TAM 

setup. Also, the interconneting hoses (which were several meters in length) were used for other 

purposes in the plant when the setup was idle. These circumstances may have led to persistant cross-

contamination of the system, despite the thorough washing with industrial water that was performed 

before and after each test. Although inconvenient, this hypothesis, if confirmed, would indicate that RI 

is useful to detect and quantify the transfer of contaminants from surfaces to wash-waters. 

 

 

Figure 4.8 – Evolution of RI and COD during a test with brine (cooling agent) diluted in industrial water. The test started 

with 25 L of industrial water in recirculation between the skid and the drum; minutes later there was a first addition of 0.25 L 

of brine; after a few minutes, an addition of 0.25 L of industrial water followed; then another addition of 0.25 L of brine was 

performed; finally, the recirculation was stopped and the mixture was drained through the skid while the drum was 

simultaneously being washed with industrial water. 

 

 

Figure 4.9 – Evolution of RI and COD during a test with Chematic 7 (acid cleaning agent) diluted (to 1 %) in industrial 

water. The test started with 100 L of industrial water in recirculation between the skid and the TAM; then 1 L of Chematic 7 

was added to the TAM, so that a 1 % mixture was obtained, which is the common dilution used in the plant. 
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Figure 4.10 – Evolution of RI and COD during a test with KOH (cleaning agent) diluted in industrial water. The test started 

with 25 L of industrial water in recirculation between the skid and the drum; after a few minutes, KOH was added to a 

concentration of 5 %; minutes later 25 L of industrial water were added to dilute the mixture to 2.5 %; finally, the 

recirculation was stopped and the mixture was drained through the skid while the drum was simultaneously being washed 

with industrial water. 

 

Regarding the graph of the test with brine (figure 4.8) the refractometer detected the change 

from no contamination to contamination. Again, a step response of the RI reading is registered with 

both contaminant and water additions with value stabilization after a few minutes. 

 Observing the graphs of the tests with Chematic 7 and KOH (figures 4.9 and 4.10, 

respectively), a baseline response from the sensor can be observed, detecting the presence of the 

cleaning agents even below the limiting level of 1500 ppm of COD (not applicable to KOH, since it is 

not oxidisable in the COD test conditions). This means that the sensor showed good sensitivity in 

detecting these contaminants in water. 

Overall, although the the sensor absolute readings cannot be predicted, it was seen that in all 

tests the refractometer detected the presence of contamination. This was the goal, and the sensor 

fulfills it. In addition, it should be noted that the change from non-contaminated to contaminated status 

(corresponding to the first additions of solvent or cleaning agents) had an effect on the last two 

decimal places of the sensor scale, thus pointing to readings above the detection limit. 
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4.2.2. Assays to detect the absence of contamination 

 

Regarding the second goal, namely to detect a change from “contaminated” to “non-

-contaminated” status, the tests performed in the skid comprised the miscible solvents mentioned in 

section 4.2.1. and also the partially miscible/immiscible solvents. As explained in section 3.4.2, the 

approach used with the partially miscible/immiscible solvents was different from that used with the 

miscible. Therefore, first results from the tests with miscible solvents will be presented, followed by the 

results of the tests with partially miscible/immiscible solvents. The former are shown in figures 4.11 – 

4.17. 

 

 

Figure 4.11 – Evolution of RI and COD during a test with methanol. The test began by passing industrial water directly and 

then in recirculation between the skid and the drum (50 L); then, 0.4 L of methanol were added to the drum; a few minutes 

later recirculation was interrupted and the mixture was drained through the skid while industrial water was being added to 

promote dilution, until the drum was completely empty; after that, 0.4 L of methanol was splashed onto the drum’s inner 

wall, followed by the washing of the inner drum with industrial water, with drain through the skid. 

 

 

Figure 4.12 – Evolution of RI and COD during a test with ethanol. The test began by passing industrial water directly and 

then in recirculation between the skid and the drum (50 L); then, 0.5 L of ethanol were added to the drum; a few minutes later 

recirculation was interrupted and the mixture was drained through the skid while industrial water was being added to promote 

dilution, until the drum was completely empty; after that, 0.5 L of ethanol was splashed onto the drum’s inner wall, followed 

by the washing of the inner drum with industrial water, with drain through the skid. 
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Figure 4.13 – Evolution of RI and COD during a test with isopropanol. The test began by passing industrial water directly 

and then in recirculation between the skid and the drum (50 L); then, 0.3 L of isopropanol were added to the drum; a few 

minutes later recirculation was interrupted and the mixture was drained through the skid while industrial water was being 

added to promote dilution, until the drum was completely empty; after that, 0.3 L of isopropanol was splashed onto the 

drum’s inner wall, followed by the washing of the  inner drum with industrial water, with drain through the skid. 

 

 

 

Figure 4.14 – Evolution of RI and COD during a test with acetone. The test began by passing industrial water directly and 

then in recirculation between the skid and the drum (50 L); then, 0.4 L of acetone were added to the drum; a few minutes 

later recirculation was interrupted and the mixture was drained through the skid while industrial water was being added to 

promote dilution, until the drum was completely empty; after that, 0.4 L of acetone was splashed onto the drum’s inner wall, 

followed by the washing of the  inner drum with industrial water, with drain through the skid. 
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Figure 4.15 – Evolution of RI and COD during a test with acetonitrile. The test began by passing industrial water directly 

and then in recirculation between the skid and the drum (50 L); then, 0.5 L of acetonitrile were added to the drum; a few 

minutes later recirculation was interrupted and the mixture was drained through the skid while industrial water was being 

added to promote dilution, until the drum was completely empty; after that, 0.5 L of acetonitrile was splashed onto the 

drum’s inner wall, followed by the washing of the inner drum with industrial water, with drain through the skid. 

 

 

 

Figure 4.16 – Evolution of RI and COD during a test with TEA. The test began by passing industrial water directly and then 

in recirculation between the skid and the drum (50 L); then, 0.,5 L of TEA were added to the drum; a few minutes later 

recirculation was interrupted and the mixture was drained through the skid while industrial water was being added to promote 

dilution, until the drum was completely empty; after that, 0.5 L of TEA was splashed onto the drum’s inner wall, followed by 

the washing of the  inner drum with industrial water, with drain through the skid. 
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Figure 4.17 – Evolution of RI and COD during a test with DMF. The test began by passing industrial water directly and then 

in recirculation (50 L) in a drum. Then, it was added 0,5 L of DMF; and a few minutes later recirculation was interrupted and 

the mixture was discharged to the industrial sewage drain while, simultaneously, IW was added to promote dilution down, till 

the drum was completely emptied to the drain. After that, the drum’s inner wall was splashed with 0,5 L of DMF, followed 

by the washing of the  inner drum with industrial water. 

 

 All graphs of the tests with miscible solvents (figures 4.11 – 4.17) show a similar behaviour in 

the first part of the procedure, when contamination and then dilution are promoted, and also during the 

second period, in which washing without dilution is simulated. A huge difference can be noted 

between these two periods in every figure, namely in the fact that the RI readings answer 

instantaneously when there is no dilution, thus detecting very markedly the solvent front, as it is 

washed down to the drain. On the contrary, for the diluted contamination period, the sensor’s 

response reaches a maximum level, at relatively low readings, which does not accompany the COD 

profile. This effect can impair the accuracy of the status change detection when monitoring diluted 

streams. 

The results of the tests with partially miscible solvents are shown in figures 4.18 and 4.19. 

 

 

Figure 4.18 – Evolution of RI and COD during a test with isopropyl ether. The test began by passing industrial water directly 

from the drum to the skid; then, 0.5 L of isopropyl ether was splashed onto the drum’s inner wall, followed by draining of the 

liquid through the skid, with simultaneous adding of industrial water to the drum’s bottom; after a while, the industrial water 

flow was shifted to the drum’s inner wall and, minutes later, again to the drum’s bottom, always draining through the skid. 

Finally, another 0.5 L of isopropyl ether was splashed onto the drum’s inner wall and the procedure was repeated. 
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Figure 4.19 – Evolution of RI and COD during a test with DCM. The test began by passing industrial water directly from the 

drum to the skid; then, 0.5 L of DCM was splashed onto the drum’s inner wall, followed by draining of the liquid through the 

skid, with simultaneous adding of industrial water to the drum’s bottom; after a while, the industrial water flow was shifted to 

the drum’s inner wall and, minutes later, again to the drum’s bottom, always draining through the skid. Finally, another 0.5 L 

of DCM was splashed onto the drum’s inner wall and the procedure was repeated. 

 

 Both graphs from the partially miscible solvent runs (figures 4.18 and 4.19) show a similar 

behaviour and the highlight is that the RI readings answer immediately to the undiluted solvent front. 

The objective of alternating the wash water flow between the drum’s bottom and inner wall was to 

check whether a change in the sensor readings was observed between these two situations. Indeed, 

there was a difference. As the solvent was splashed onto the drum’s inner wall, when the water flow 

was directed to this area a slight increase in the RI value could be perceived. 

In the tests with immicible solvents (hexane and heptane), no data can be presented because all 

along the test the refractometer readings never responded to the addition of solvent. However, it is 

known from the bench tests that the sensor can detect these solvents. The explanation for this result 

may be that those solvents never reached the sensor, possibly because they are highly volatile and 

showed a tendency to adhere to the long hoses, and the tested solvent:water volume ratio was small. 

 

 In contrast to the results presented in section 4.2.1, in these tests the sensor had a consistent 

response within each group of solvents (miscible and partially miscible), not counting the inconclusive 

results for the immiscible solvents. The refractometer accomplished the objective of this series of runs, 

which was to detect the change from contaminated to non-contaminated status.  Also, it was observed 

that the RI readings reacted instantaneously to a solvent front with minor dilution, reverting also rapidly 

to the previous baseline, once the solvent front passed. The COD measurements followed this trend 

closely. However, the detection of diluted solvents was not so accurate, meaning that the washing 

procedure is of major importance when using the RI sensor. 
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4.2.3. Assessment of correlations between RI and COD 

 

The third goal of the tests performed in the skid, in a controlled environment, was to assess 

whether correlate the RI readings could be correlated to the COD results from the analysis performed 

to the samples collected during the respective tests. 

 In what regards the miscible solvents, a correlation between RI and COD was only established 

for the solvents that showed a step response in the detection of contamination, namely methanol and 

ethanol (figures 4.1 and 4.2 in section 4.2.1). For the partially miscible solvents, isopropyl ether and 

DCM, the correlation was established using the data from the tests to detect absence of contamination 

(figures 4.18 and 4.19 in section 4.2.2).  

 The graphs correlating RI with COD are shown in figures 4.20 – 4.23. 

 

 

Figure 4.20 – Correlation between RI and COD values resulting from a test performed with methanol in the skid-TAM setup; 

see figure 4.1 in section 4.2.1. 

 

 

Figure 4.21 – Correlation between RI and COD values resulting from a test performed with ethanol in the skid-TAM setup; 

see figure 4.2 in section 4.2.1. 

 



45 
 

 

Figure 4.22 – Correlation between RI and COD values resulting from a test performed with isopropyl ether in the skid-drum 

setup; see figure 4.18 in section 4.2.2. 

 

 

Figure 4.23 – Correlation between RI and COD values resulting from a test performed with DCM in the skid-drum setup; see 

figure 4.19 in section 4.2.2. 

 

 As these tests were performed in an industrial environment and precision was not the main 

focus, so a R
2
 value above 0.8 was considered satisfactory for a correlation between RI and COD. 

Following this, all graphs from figures 4.20 – 4.23 show R
2
 values above this criterion, meaning that it 

is possible to correlate RI with COD for each of these binary mixtures. 

The sensor thus fulfilled the goal of predicting COD values but only for very well defined 

matrices. However, during the course of the skid tests in an uncontrolled environment this goal was no 

longer achievable, because the aqueous effluent in question is very variable and its detailed 

characterization is impossible, in practical terms. So the sensor purpose was set as to just perceive a 

change in the contamination status (i.e., whether a stream is contaminated or it is not) and not to try to 

use the RI reading to estimate the COD value and thus identify the turning point (corresponding to 

1500 ppm in COD). This estimate would vary with the matrix composition and would thus be 

unreliable. This is of major importance in the field tests because a RI value corresponding to a non-
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contaminated status in a given effluent might correspond to a contaminated status in a different 

effluent. 

 

 

To sum up, the refractometer detected changes from non-contaminated to contaminated 

status, and vice-versa, and in controlled conditions it is even possible to correlate RI with COD. 

However, it was still necessary to test the sensor in field conditions with real wastewater and in under 

process working conditions (section 4.3). 
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4.3. Field Tests 

 

 In the field tests (non-controlled environment), different types of effluent streams were 

analyzed, namely, waters from cooling circuits, liquid effluents from vacuum pumps, aqueous effluents 

from the regeneration of solvents, effluents from the regeneration of adsorption columns, effluents 

from the washing of process equipment, effluents from equipment washing prior to the change of line 

(COL) and mixed industrial effluents from collecting boxes and tanks integrated the industrial 

wastewater drainage network. The results are presented in sequence for each of these types of 

effluent streams. 

 The tests made with waters from cooling circuits comprise that taken from the cistern of one of 

the solvent storage areas (PS3), and waters from two specific cooling systems, namely, the F2 and 

the Hammon. The results are shown in figures 4.24 – 4.26. 

 

 

Figure 4.24 – Evolution of RI and COD during a test to monitor quality of the water pumped from the cistern of a solvent 

storage area. 
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Figure 4.25 – Evolution of RI and COD during a test to monitor the quality of the water from the F2 cooling system. The test 

started by the pumping of industrial water through the skid to establish the baseline, followed minutes later by the water from 

the cooling circuit. 

 

 

Figure 4.26 – Evolution of RI and COD during a test to monitor the quality of the water from the Hammon cooling system. 

The test started by the pumping of industrial water through the skid to establish the baseline, followed minutes later by the 

water from the cooling circuit. 

 

Regarding the graph of the test with the water from the cistern of a solvent storage area (figure 

4.24), the refractometer values stabilized, after close to 2.5 hours, at around 1.33270 nD. This is a low 

value indicating that possibly the analyzed water could be classified as non-contaminated. This is 

confirmed by the COD analysis to the samples collected during the test, which are all around 

1000 ppm (below the 1500 ppm limit for non-contaminated classification). 

 In the graph of the test with the water from the F2 cooling system (figure 4.25), a clear 

difference between the RI of industrial water and the value for the cooling fluid can be observed, 

indicating that the cooling water probably had a higher COD level. This is again confirmed by the COD 

analysis results. Nevertheless, the COD values for the cooling fluid are below the non-contamination 

limit, so it would not need to undergo treatment at the industrial site. 
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 Concerning the graph of the test with water from the Hammon cooling system (figure 4.26), it 

is also possible to observe a difference between the COD values for industrial water and for the 

cooling fluid. However, this difference was clearly not detected by the RI readings, which exhibited an 

unexpected behaviour, i.e., a slight initial increase followed by a steady decrease with no stabilization 

of the reading until the end of the test. It should be noted that the COD values of the cooling fluid were 

more or less stable during the second part of the test (between 200 and 250 ppm). RI monitoring was 

thus not useful in this case. 

 

 The tests performed with liquid effluents from vacuum pumps included pumps at work during 

different operations (e.g., solvent distillation and charge of solvent into a reactor) or working without an 

associated operation, using industrial water or water from the cooling system. The results are shown in 

figures 4.27 – 4.30. 

 

 

Figure 4.27 – Evolution of RI and COD during a test to monitor the effluent from a vacuum pump (BV0101) before and 

during a solvent (acetone) distillation operation. The test started by the pumping of industrial water through the skid to 

establish the baseline. Minutes later, the effluent from BV0101, operated with water from the cooling system, was pumped 

through the skid, followed by the effluent from BV0101 working at the acetone distillation operation. To finish the test, 

industrial water was again pumped through the skid. The blue rectangle at the time origin indicates the RI directly read from 

industrial water. 
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Figure 4.28 – Evolution of RI and COD during a test to monitor the effluent from a vacuum pump (BV1202) working with 

no associated process operation. The test started with BV1202 working with water from the cooling system followed by the 

same pump working with industrial water. The blue rectangle at the time origin indicates the RI directly read from industrial 

water. 

 

 

Figure 4.29 – Evolution of RI and COD during a test to monitor the effluent from a vacuum pump (BV1202) working during 

the charge of 6000 L of DCM into a reactor (R6001), using industrial water or water from the cooling system. First,  3000 L 

of DCM were charged into R6001 with BV1202 at work using industrial water. After this charge, the vacuum pump worked 

for a while with no associated operation, using industrial water, followed by the charge of another 3000 L of DCM into 

R6001 with BV1202 at work using water from the cooling system. After the latter charge, the vacuum pump worked with no 

associated operation, using water from the cooling system. The blue rectangle at the time origin indicates the RI directly read 

from industrial water. 
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Figure 4.30 – Evolution of RI and COD during a test to monitor the effluent from a vacuum pump (BV1305) working with 

industrial water. This monitoring was prolonged to cover periods with different process operations associated to this pump. 

The blue rectangle at the time origin indicates the RI directly read from industrial water. 

 

 In relation to the graph of the test to monitor the effluent from a vacuum pump (BV0101) 

before, during and after it was used in an acetone distillation operation (figure 4.27), the objective was 

to check if the refractometer could detected changes in effluent contamination between the two 

periods. The largest difference in RI values was registered between industrial water and the effluent 

from the pump operation period, indicating the presence of contamination, even when the vacuum 

pump was working before the onset of distillation, using water from the cooling system. In fact, a much 

smaller difference was observed between the RI values measured before and during distillation. The 

COD results confirm this analysis, which means that most of the perceived contamination had its origin 

in the cooling fluid. The RI of the pump effluent, when it was working with industrial water at the end of 

the test, did not immediately decrease back to the non-contaminated range probably due to residual 

contamination left in the pump by the cooling fluid and the distillation condensate from the previous 

periods in the test. 

 The test to monitor the effluent from a vacuum pump (BV1202) working without an associated 

operation (figure 4.28), had the objective of assessing the possibility of detecting a difference between 

the use of industrial water and of water from the cooling system. When the vacuum pump was on the 

cooling fluid, the effluent RI value was noticeably higher than when it was on IW, indicating possible 

contamination in the former case. The COD results indeed indicate that the effluent produced with IW 

was well below the non-contaminated limit, while the effluent generated with the cooling fluid, at 

1400 ppm, was very near this limit (1500 ppm). 

 In addition, the same vacuum pump (BV1202) was tested to monitor its effluent while working 

during a charge of solvent (6000 L of DCM) into a reactor (R6001), using industrial water and water 

from the cooling system (figure 4.29). While using industrial water during the charge of solvent, the RI 

values were higher than the value read directly in industrial water. Even when the first charging period 

ended and the pump was still working with no associated operation using IW, the RI values remained 

high. These results possibly indicate the persistence of contamination originated in the charge 

operation, since the previous results (figure 4.28) showed lower RI readings when the pump was 
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working without an associated operation, using industrial water. In the second part of the test, during 

which the pump used cooling fluid before and during the charge of DCM, the RI values rose sharply 

above those resulting from the use of IW. Again, values are higher during the charge operation, 

indicating additional contamination. The COD values show a similar behaviour, corroborating this 

reasoning. Thus, irrespective of the source of water for the pump, its use during the charging 

operation introduces additional contamination in the resulting effluent. 

The prolonged test (figure 4.30) intended to monitor the effluent from a vacuum pump 

(BV1305), using industrial water, during several working hours, and then observe the changes in RI 

readings and try to relate them to operations that were going on in the same process area during the 

time of the test. In the beginning of the test, the RI values were already high, so a sample was taken to 

assess it level of contamination. The COD result revealed that it was below the non-contaminated 

limit, so this initial RI value range was taken as a baseline for the test. The RI readings showed no 

major changes until close to the end of the test when a peak was registered, probably a 

contamination. It was not possible to collect a sample at that time, but some inquiries revealed the 

information that, by that time, a charge of ammonia happened in the production area covered by the 

pump, and it was apparently detected by the sensor. 

 

A test was also performed on the aqueous effluent from the liquid-liquid extraction process 

used to regenerate a used solvent, namely DCM. The test monitored the effluent from the second 

stage of the regeneration process and the result is shown in figure 4.31. 

 

 

Figure 4.31 – Evolution of RI and COD during a test to monitor the aqueous phase discharged from the regeneration of a 

solvent (DCM). The test started by the pumping of industrial water through the skid to establish the baseline, followed 

minutes later by the aqueous phase from the 2nd part of the extraction procedure for DCM regeneration. Finally, industrial 

water was again pumped through the skid. 

 

 Regarding the test to monitor the aqueous effluent from DCM regeneration (figure 4.31), it was 

observed that the RI readings responded readily and markedly to the contamination in the aqueous 

phase, as confirmed by the high COD values measured in the collected samples. The 
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decontamination effect of the final washing with industrial water was also readily detected by the 

refractometer. 

 

 The tests carried out with effluents from the regeneration of adsorption columns comprised 

two identical purifying columns as they were being regenerated with methanol. The results are 

presented in figures 4.32 and 4.33. 

 

 

Figure 4.32 – Evolution of RI and COD of the effluent produced during a regeneration of a purifying column (C405B, 2 m3) 

with methanol. The test started by the pumping of purified water through the skid to establish the baseline, followed minutes 

later by the regeneration procedure which comprised the following steps: 1st counter-current washing with purified water 

during 1 h (2,6 m3/h); 1st draining of the column (2 m3); 2nd counter-current washing with purified water during 1 h 

(2,1 m3/h); 2nd draining of the column (2 m3); 3rd counter-current washing with purified water during 1 h (2 m3/h); 3rd and 

final draining of the column (2 m3). The blue rectangle at the time origin indicates the RI directly read from purified water. 

 

 

Figure 4.33 – Evolution of RI and COD of the effluent produced during a regeneration of a purifying column (C405A, with 

2 m3) with methanol. The test started by the pumping of purified water through the skid to establish the baseline, followed 

minutes later by the regeneration procedure which comprised the following steps: 1st counter-current washing with purified 

water during 1 h (2,4 m3/h), 1st draining of the column (2 m3); 2nd counter-current washing with purified water during 1 h 

(2 m3/h); 2nd draining of the column (2 m3); 3rd counter-current washing with purified water during 1 h (2 m3/h); 3rd and final 

draining of the column (2 m3). The blue rectangle at the time origin indicates the RI directly read from purified water. 
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 Both graphs of the tests to monitor the regeneration of purifying columns (figures 4.32 and 

4.33) show a similar behaviour of the RI readings throughout the course of the process. Namely, 

during the first stage of counter-current washing, RI shows a marked increase (with RI values varying 

in the second decimal place) followed by a more gradual decrease, but the values were always above 

the baseline, meaning that the effluent was classified as contaminated. The first draining period 

exhibited a constant RI value, near the baseline. Apart from a slight RI increase at the start of the 

second stage of counter-current washing, the RI values remained nearly constant and similar to the 

baseline, which would indicate that the effluents at those stages of the process would no longer be 

classified as contaminated. However, the COD results shown on both graphs indicate that the non-

contaminated status was only consistently reached after the second stage of counter-current washing. 

The COD profile is incomplete in the first test (figure 4.32), with no samples collected during the first 

draining and only one sample during the second counter-current washing. However, in the second test 

(figure 4.33) the COD profile was better defined and, although the measured values classified the 

effluent from the first draining stage as just under the non-contaminated limit, the following washing 

stage produced a clearly contaminated effluent during the first half of the operational period. 

Thus, the decision on the switch from contaminated to non-contaminated status would involve a 

significant level of uncertainty if it were based solely on RI measurements. These two tests are good 

examples of operations for which this decision would have a marked impact on the burden laid on 

industrial wastewater treatment. If the effluent segregation was applied, about 8 m
3
 could by-pass the 

treatment since it could be classified as non-contaminated, which corresponds to at least 65 % of the 

total volume of effluent produced by the column regeneration process. 

 

The tests subsequently performed with effluents from the washing of different items of process 

equipment included the washing of reactors, of a plate filter, of a filtration tank and of centrifuges and 

their respective basket centrifuges. The results are shown in figures 4.34 – 4.38. 

 

 

Figure 4.34 – Evolution of RI and COD along a test to monitor the effluent produced during the washing of a reactor 

(RV6303). The test started by the pumping of industrial water through the skid to establish the baseline, followed minutes 

later by the equipment washing with KOH (5 %) and then with industrial water to reduce the pH value. Finally, industrial 

water was again pumped through the skid to make sure the pH value of the water inside it was in the neutral range. The blue 

rectangle at the time origin indicates the RI directly read from industrial water. 
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Figure 4.35 – Evolution of RI and COD along a test to monitor the effluent produced during the washing of a plate filter 

(FP151) with around 800 L of industrial water. The blue rectangle at the time origin indicates the RI directly read from 

industrial water. 

 

 

 

Figure 4.36 – Evolution of RI and COD along a test to monitor the effluent produced during the washing of several 

equipment items operated in series, namely, two reactors (RV2503 and RV4002), a centrifuge (FC303), the respective basket 

centrifuge (CS401) and a filtration tank (TF1101). The test started by the pumping of industrial water through the skid to 

establish the baseline, followed minutes later by the equipment items washing with KOH (5 %) and then with industrial water 

to reduce the pH value. Finally, industrial water was again pumped through the skid to make sure the pH value of the water 

inside it was in the neutral range. 
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Figure 4.37 – Evolution of RI and COD along a test to monitor the effluent produced during the washing of a centrifuge 

(FC405) and the respective basket centrifuge (CS405). The test started by the pumping of industrial water through the skid to 

establish the baseline, followed minutes later by the equipments washing with the cleaning agent solution, KOH (5 %), more 

industrial water, another portion of the KOH (5 %) solution, and a final washing with industrial water to reduce the pH value. 

The blue rectangle at the time origin indicates the RI reference directly read from industrial water. 

 

 

Figure 4.38 – Evolution of RI and COD during a test to monitor the washing of a centrifuge (FC305) and its associated 

basket centrifuge (CS413). The test started by the pumping of industrial water from the washing through the skid, followed 

minutes later by the cleaning agent solution, KOH (5 %), more industrial water, another portion of the KOH (5 %) solution, 

and a final washing with industrial water to reduce the pH value. Finally, the floor of the hall where the equipment was 

located was washed with industrial water and that effluent was also pumped through the skid. The blue rectangle at the time 

origin indicates the RI reference directly read from industrial water. 

 

 Concerning the graph of the test to monitor the washing of a reactor (figure 4.34), a sharp 

increase in the RI value was registered (in the scale’s second decimal place) at the beginning of the 

washing stage with the cleaning agent (KOH), followed by an also sharp decrease after the start of the 

washing stage with industrial water, however remaining above the baseline. The residual 

contamination elevating the RI reading above the baseline could only be removed from the skid after 

the dedicated washing with water down to neutral pH. This profile could have been mainly due to the 

contamination with the cleaning agent itself (see figure 4.10). However, KOH does not introduce COD, 
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so the high COD values measured in the effluent samples must have been due to the organic residue 

in the reactor which was washed away in the process. The residual contamination remained in the 

skid even during the dedicated washing with industrial water, no samples having been analyzed from 

the final period in which the RI values dropped to the baseline. So, in this case the whole effluent 

generated in this small-volume and fast operation (it took about 7 minutes) would be classified as 

contaminated and directed to industrial wastewater treatment. 

 On the graph of the test to monitor the washing of a plate filter (figure 4.35), the RI values 

show a sharp peak at the beginning (varying at the second decimal place) and soon decreased to an 

essentially constant value close to that of the industrial water reference. This behavior is confirmed by 

the results of COD analysis on the collected samples. Again, the transition from contaminated to non-

contaminated status fell on a region of almost constant RI readings, introducing uncertainty in the 

decision. Overall, 800 L of effluent was generated in this washing process and around 600 L of it was 

non-contaminated. However, this was also a fast and small-volume washing for which the effluent 

volume that could by-pass industrial wastewater treatment maybe would not justify the monitoring 

effort. 

 In relation to the graph from the test to monitor the washing of a series of equipment items 

(figure 4.36), it is also of note the sharp increase in RI value (in the scale’s second decimal place) at 

the beginning of the washing with the cleaning agent (KOH) solution. The readings decreased in a 

less steep way and remained well above the baseline during the KOH washing stage, probably due to 

the presence of this cleaning agent, as note before. The RI profile only approached the baseline 

during the subsequent washing with water, however remaining above it until a dedicated washing was 

carried out on the skid itself. The COD results essentially followed the RI readings, remaining above 

the non-contamination limit throughout the washing procedure. 

 In regard to the graph of the test to monitor the washing of a centrifuge (FC405) and the 

respective basket centrifuge (CS405) (figure 4.37), the RI values show a peak following the beginning 

of both of the two washing stages with KOH, confirming that the sensor responds to the present of this 

cleaning agent. However, the additional presence of organic contamination washed off the centrifuges, 

as revealed by the COD values measured on effluent samples from the subsequent washing with 

water, greatly increases RI readings. During the second stages of washing with KOH and industrial 

water the COD values are below the non-contamination limit and RI reading near the reference for 

industrial water. Thus, the total volume of contaminated effluent was 350 L, against only 150 L which 

was non-contaminated. It should be noted that, in this test, the baseline RI reading observed in the 

beginning does not correspond to the expected reference for industrial water, probably due to 

contamination of the skid setup. Since the return to the RI baseline was in these experiments shown to 

be a critical indication of probable non-contamination, the cleaning procedure applied to the skid is 

therefore of major importance. 

 Concerning the graph of the test to monitor the washing of another centrifuge (FC305) and 

respective basket centrifuge (CS413) (figure 4.38), a difference can be noted between the shown 

results and those from the preceding test (figure 4.37). This happens because, even though the two 

items and the followed cleaning procedure were similar, the operators changed, the volume of 

industrial water used was different (1100 L in this test vs 500 L in that of figure 4.37) and the amount 



58 
 

of solids adhering to the walls of the equipment was also different. In the case of figure 4.38, there 

were much less solids than in the test of figure 4.37 and that is probably the reason why the RI values 

varied only in the scale’s third decimal place, as opposed to the second decimal place. The same 

trend was observed for the COD results. Also, the peaks in RI values were registered during the 

washing stages with industrial water, and not during the washings with KOH. This possibly results from 

the higher dilution effect from the higher volumes of water used in this procedure, as compared to that 

of figure 4.37, and it could indicate that the organic contamination was readily water soluble. Again, RI 

values close to the reference for industrial water were consistent with COD values under the non-

contamination limit, but the switch decision would be uncertain. This means that the refractometer 

would maybe not by-pass the part of the effluent that is not contaminated from the wastewater 

treatment, but the worst case scenario would be the other way around. 

 

 In addition, some tests were performed with effluents resulting from equipment washing in 

view of a change of line (COL). The result from this monitoring applied to the COL of a spray dryer is 

presented in figure 4.39. 

 

 

Figure 4.39 – Evolution of RI and COD during a test to monitor the effluent from the application of a COL washing to a 

spray dryer (SD1253). The COL washing started with 3 m3 of a Chematic 82 solution (2 %) in water, followed by the drain 

of liquid from the system (purge), and by a final washing with 3 m3 of purified water. The blue rectangle at the time origin 

indicates the RI reference directly read from industrial water. 

 

 In the graph of the test to monitor the effluent from a COL washing applied to a spray dryer 

(figure 4.39), it is observed that the RI readings increase gradually during the washing with the 

cleaning agent to values much higher (in the second decimal place of the scale) than the water 

reference value, indicating heavy contamination. This probably happened because the washing 

moved from the bottom of the spray dryer, where more residues accumulate, to the top, to avoid 

clogging of the equipment. The COD analysis confirmed that the effluent generated in this step (3 m
3
) 

of the COL was very contaminated. During the purge, done to drain out the remaining cleaning 

solution to avoid mixing with the purified water used in the following phase of the COL washing, the 
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sensor was still measuring but the values are not representative and it did not made sense to collect 

samples for COD analysis. Throughout the washing with purified water, the RI values slowly 

decreased with some instability, to a range close to that of the reference, indicating a probable non-

contamination status of the effluent generated in that phase of the process (3 m
3
). The COD values 

corroborated this indication, as they were mostly below the limit. 

 The COL procedure had to proceed because other parameters were being analyzed, in 

particular conductivity, which needs to comply with given criteria. By the end of the first washing with 

purified water, conductivity did not meet the acceptance criteria, so another washing with purified 

water (3 m
3
) had to be performed. This last phase was not monitored with the skid because the 

previous, identical, one already produced an effluent with not-contaminated status.  

 Like the regeneration of the purifying column (figures 4.32 and 4.33), this is another good 

example of a monitoring effort that would have a huge impact in the wastewater treatment burden if 

the segregation decision was applied, since about 6 m
3
 of the effluent could by-pass the treatment, 

which corresponds to at least 66 % of the effluent resulting from this operation. 

 

 Finally, further tests were carried out with mixed industrial effluents pumped from collecting 

boxes and tanks in the industrial wastewater drainage network. These tests included two industrial 

boxes and a tank. The results are shown in figures 4.40 – 4.42. 

 

 

Figure 4.40 – Evolution of RI and COD during a test to monitor the effluent from a collecting box (I103) in the industrial 

wastewater drainage network. The test started by the pumping of industrial water through the skid to establish the baseline, 

followed by the effluent pumped from the industrial box. 
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Figure 4.41 – Evolution of RI and COD during a test to monitor the effluent from a collecting box (I104) in the industrial 

wastewater drainage network. The test started by the pumping of industrial water through the skid to establish the baseline, 

followed by the effluent pumped from the industrial box; at a given time, the industrial effluent that was arriving at this 

collecting box began to correspond to the washing of a reactor (R6001) with NaOH (25 %). The blue rectangle at the time 

origin indicates the RI reference directly read from industrial water. 

 

 

Figure 4.42 – Evolution of RI and COD during a test to monitor the effluent from a collecting tank (T610) in the industrial 

wastewater drainage network. The test consisted of the pumping of the industrial effluent from T610 through the skid. The 

blue rectangle at the time origin indicates the RI reference directly read from industrial water. 

 

 In the graphs of the tests to monitor the effluents pumped from drainage network collecting 

boxes (figures 4.40 and 4.41), it is observed that the RI values are always above the baseline value, 

indicating that the effluent was always in the contaminated status. This is supported by the COD 

analysis results, which show values always above the non-contaminated limit.  

The results from the test to monitor the effluent from a drainage collecting tank (figure 4.42), 

show that the RI values were generally stable over the test period and just above the RI reference for 

water. This is the situation in which it is difficult to decide if the effluent should be classified as 

contaminated or not, just from the RI readings. As expected, COD analysis results were also close to 

the decision limit, slightly below during the first hour and slightly above thereafter.  

The variations in the RI baseline level, observed throughout the field tests, further add to the 

uncertainty of the RI-based decision on effluent segregation.  
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5. Conclusions and Future Prospects 

 

5.1. Conclusions 

 

Since the studied pharmaceutical company is a multi-purpose/multi-product site and 

consequently the industrial effluent has a high variability and is difficult to characterize, a multi-

purpose and multi-stage industrial WWTP should be provided, to cover the widest range of 

contamination scenarios. In addition to this, there is an insufficiency in the present WWT line, in that 

the stripping stage only removes contaminants (solvents) with a normal boiling point lower than that of 

water. Previous studies on this facility led to the conclusion that the answer is maybe not to treat all 

the effluent in the same way, but to segregate different wastewater streams and direct them to 

adequate treatment units, according to their level of contamination. 

This was the context within which the main goal of the work presented in this thesis was 

established. Namely, the aim was to test two sensors, a refractometer and a spectrophotometer, that 

could provide real time data on the industrial wastewater enabling the desired segregation decision. 

The results of the set of experiences compiled in this thesis clearly indicate that the 

spectrophotometer did not fulfill the desired goal, since the sensor could not detect most of the 

solvents used in the process operations. On the contrary, the refractometer fulfilled this same goal, as 

it could detect all of them at different concentrations in water mixtures. 

In addition, the refractometer was shown to satisfactorily detect changes from the non-

contaminated to the contaminated status, which was predefined on the basis of the COD level. In this 

instance, it was noted that the last two decimal places of the refractometer scale were determinant for 

this detection capacity. In the tests to assess the capacity to detect the change from contaminated to 

non-contaminated status, the refractometer also showed satisfactory results. In this case, it was 

observed that the RI readings answered promptly to the switch to non-contaminated status in the tests 

for which a solvent front was deliberately pumped through the refractometer. 

Moreover, an additional objective of these experiments, which was to establish a correlation 

between COD and RI values, was found to be possible only for some of the defined mixtures. 

Therefore, this aspect ceased to be a goal from the company’s perspective, since the aqueous 

effluents produced in process conditions are mostly undefined and very variable. 

The field tests carried out on different aqueous wastewaters produced in some typical process 

operations carried out in the industrial facility allowed a few significant conclusions. It could be 

concluded that the washing of equipment items could be optimized, avoiding excessive dilution. Not all 

washing operations were worth the monitoring effort, since only a small volume of effluent was 

generated. RI readings responded well to the different stages of equipment washing protocols. The 

transition from contaminated to non-contaminated status was in many cases difficult to precise, since 

the corresponding RI readings were only slightly above the baseline established with industrial water. 

Given the latter circumstance, particular attention had to be paid to the cleaning of the monitoring 

system (refractometer and associated tubing), so as to avoid baseline deviations between operations. 
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5.2. Future Prospects 

 

Overall this work shows that the refractometer is a promising sensor for the monitoring of the 

industrial facility’s wastewater streams in view of their segregation. To further develop the study here 

initiated, the proposed steps are: 1) to further identify the sources of aqueous effluent contamination 

and their variability, i.e., filed tests; 2) to put more emphasis on the monitoring of streams containing 

DCM, due to its low emission value limit in the discharge to the municipal wastewater network (1 ppm); 

3) to better define the range for RI readings that could be used as reference for the non-contaminated 

status; 4) to test the placing of the monitoring equipment at the drainage network collecting tanks 

(TE01 and T610, see figure 5.1), where the segregation decision could be made; and 5) carry out an 

economic assessment of benefits and costs, in comparison with the present system. 

If it could be further developed and implemented, this project could have a significant impact at 

industrial scale, not only in the facility studied, but also in others comparable facilities, providing cost 

reductions in wastewater treatment. Finally, with the possible implementation of segregation based on 

the RI sensor, the volume of wastewater to treat would be much lower. Therefore, it might be feasible 

for the company to implement a treatment solution complementary to that presently installed, for 

example the photo-Fenton oxidation system previously studied (Marques, 2014). 

 

 

Figure 5.1 – Scheme of the refractometer placing at the drainage network collecting tanks (TE01 and T610). 
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