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ABSTRACT

The current problem with industrial wastewater treatment is that we rely heavily on biological treatment systems without realis-
ing that these have severe limitations in terms of shock load-bearing capacities, ineffectiveness against removal of toxicity and
recalcitrant and dissolved organics. However, biological systems have their own benefits as well. Therefore, it is essential to
support them with integration of advanced oxidation nanotechnology (AON) interventions, which are expected to address
these challenges. In this pursuit, The Energy and Resources Institute (TERI) has developed an AON-based wastewater treatment
technology called TERI Advanced Oxidation Technology (TADOX®). This paper presents two sections of three case studies each,
to showcase how TADOX® technology intervention at pre-biological and post-biological treatment helps in achieving adequate
treatment. In the first section, TADOX® has been implemented at pre-biological stage for three highly polluting streams from
(i) phenolic wastewater from a 2,4-dichlorophenoxyacetic acid (2,4 D) plant from a Gujarat pesticide manufacturing company,
(i) phenolic wastewater from an anisole plant of a Gujarat chemical industry, and (iii) hydrocarbon-rich effluent from the Jhar-
kand oil and gas sector. Pre-biological integration is expected to support biological treatment by reduction in COD, toxicity,
microbial growth hindering compounds and increase in biodegradability (BOD to COD ratio). The second section in the paper
explores the implementation potential of TADOX® to treat biologically treated streams from (i) Uttarakhand pharmaceutical,
(if) Uttar Pradesh tannery and (iii) Uttar Pradesh slaughterhouse. The post-biological integration is expected to remove residual
COD, colour, BOD and odour leading to treated water meeting norms for safe surface discharge and water reuse. Presented
studies from India may be useful and relevant to other developing countries as a possible approach to sustainably manage
water resources, together meeting the challenges of economic growth, industrial development, and regulatory and environ-
mental compliance.

Key words: chemical & pesticide industry wastewater, industrial wastewater treatment, oil and gas produced water, slaughter-
house effluent, TADOX®, tannery effluent

HIGHLIGHTS

® Showcasing how TADOX® technology intervention at Pre-biological and post-biological treatment helps in achieving ade-
quate treatment.

® Case studies of pre-biological integration of TADOX® for treating (i) phenolic wastewater, (ii) phenolic wastewater, (iii) oil and
gas wastewater.

® Case studies of post-biological integration of TADOX® for treating (i) pharmaceutical, (ii) tannery and (jii) slaughterhouse
streams.
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INTRODUCTION

Industrial wastewater treatment is still a major challenge in developing countries such as India where waste
streams are not adequately treated and free from dissolved organics and recalcitrant compounds, which prevents
reuse and recycling of treated water. To improve the current state of treated water reuse, the Central Pollution
Control Board (CPCB) under the Ministry of Environment, Forests and Climate Change (MOEF&CC), Govern-
ment of India (Gol) in 2015 came out with regulation of complying with ‘Zero Liquid Discharge’ (ZLD) for
grossly polluting industries such as tanneries, slaughterhouses, chemical industries, pharmaceutical manufac-
turers, pulp and paper, textile and dyeing etc. (CPCB (Ministry of Environment and Forests 2015). So far, the
guidelines of ZLD have been opposed by various national, regional, and local industrial associations because
the way ZLD is achieved is highly resource and energy intensive, unaffordable and unsustainable. This is
mainly because the current technology providers, regulators and end-users are accustomed to a conventional
type of biological degradation-based treatment and the same treatment is given to all streams alike without under-
standing their matrix, composition and treatment requirements. Due to this generic approach, the performance of
various treatment systems is greatly reduced, leading to low=quality treated water, which when reaches for sub-
sequent tertiary treatment, involving RO and MEE etc., puts up an additional load, thus making ZLD compliance
unachievable.

In this context, The Energy and Resources Institute (TERI), New Delhi has developed advanced oxidation
nanotechnology (AON) - based wastewater treatment technology called TERI Advanced Oxidation Technology
(TADOX®), which has proved to be beneficial enough to be integrated in current systems to fill the gaps. Com-
plete details of the technology and the process flow have been published and discussed in earlier reports
(Bahadur & Bhargava 2019; Bahadur ef al. 2020; Das et al. 2020). Some of the advantages of the advanced oxi-
dation process (AOP)/AON approach are the minimal addition of chemicals, recovery and reuse of used
nanomaterials and simultaneous destruction of recalcitrant organics and bio-pollutants including pathogens
such as viruses and bacteria (Oturan & Aaron 2014).

Wastewater from chemical manufacturing units, pesticide manufacturers/formulation units, oil production
wells and other organic chemical processing units generate highly toxic and non-biodegradable wastewater
from their operations such as solvent recovery, plant washings, vessel washings etc. This biodegradability is indi-
cated by BOD/COD ratio (Zhang ef al. 2020; Saravanathamizhan & Perarasu 2021; Tooker et al. 2021); thus it is
expected that AOP implementation at the pre-biological stage could break down complex organics and enhance
biodegradability (Jamil ef al. 2011; Oller et al. 2011; Vilar et al. 2012). Several AOP-based treatments have been
reported at t pre-biological stage for streams such as chemical wastewater (Ribeiro et al. 2015; Ramteke & Gogate
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2016; Oliveira Guimaraes ef al. 2019), phenolic wastewater (Ahmed et al. 2011; de Sa ef al. 2018; Jay et al. 2019;
Oliveira Guimarées et al. 2019) and oil drilling effluent (Yu ef al. 2017; Jiménez et al. 2019). Hence for such efflu-
ent streams, TADOX® is planned to be integrated at a pre-biological stage, as shown in Figure 1.
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Figure 1 | Schematic showing TADOX® Implementation at Pre-Biological Stage.

Now comes the issue, where the biologically treated water is unable to meet the criteria for reuse because of the
residual recalcitrant organics present in the stream. These coloured and recalcitrant organics affect reverse osmo-
sis (RO) membrane performance, multiple effect evaporator (MEE) performance, operation costs and condensate
quality. Moreover, low boiling point organics such as solvents, alcohols etc., which are not efficiently degraded by
biological systems or membrane processes, make their way eventually to MEE condensate, thus leading to lack of
reusability of this stream. This is common in industries such as tanneries, slaughterhouses and pharmaceuticals.
Figure 2 shows a schematic wherein it is proposed that TADOX® intervention at post-biological stage could result
in better treatment of the residual organics and reduce load on downstream tertiary treatment system consisting
of RO, MEE, MVR etc.
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Figure 2 | Schematic showing TADOX® Implementation at post biological stage.

This integrated approach may also result in enhancement of quality of RO permeate, reduce number of RO cycles
and reduce overall load on MEE. Earlier studies on polishing of tannery effluent (Panizza & Cerisola 2004; Hase-
gawa et al. 2014; Sivagami et al. 2018; Zhao & Chen 2019), pharmaceutical effluent (Janssens et al. 2017; Talwar
et al. 2018; Fanourakis et al. 2020)and slaughterhouse effluent (Bustillo-Lecompte & Mehrvar 2016; Bukhari ef al.
2018; Ozturk & Yilmaz 2019; Vidal et al. 2019) have shown promising results, which means that TADOX®
implementation in a similar way can improve the scenario for these grossly and highly polluting industries.

This paper presents a total of six case studies showing versatility in integration and implementation of
TADOX™ at the pre-biological stage and post-biological stage, as per the nature of the effluent under analysis.
To the best of our knowledge, there is no other publication that has given such an in-depth and versatile inte-
gration approach for any AOP-based technology. Case studies of integration of TADOX® at the pre-biological
stage include three case studies of chemical effluents from 2,4 D pesticide manufacturing plants, speciality chemi-
cal anisole plant and hydrocarbon-rich stream from oil drilling waste pits with an aim to improve the
performance of downstream biological treatment with improving biodegradability of the effluent (increased
BOD/COD ratio) and reduction in toxicity of the effluent. Three case studies of integration at the post-biological
stage includes, bio-treated pharmaceutical effluent, tannery effluent and slaughterhouse effluent. Further, this
opens tremendous opportunities in implementation at the polishing stage, which is expected to improve legal
compliance and enable high-end reuse of treated water, thereby improving water reuse efficiency in the plant.

MATERIALS & METHODS
Operation of the TADOX® plant

TADOX® involves coagulation and flocculation in primary treatment, followed by UV-TiO, photocatalysis
coupled with nanomaterial recovery as secondary treatment step followed by tertiary treatment on point-of-use
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application basis. Complete design, and detailed methodology of working of the pilot plant has been reported in
recent publications from the group. (Bahadur & Bhargava 2019; Bahadur et al. 2020; Das et al. 2020; Bahadur
2021). A representation of the overall system installed is shown in Figure 3.
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Figure 3 | Schematic representation of the TADOX® pilot-scale treatment (Bahadur & Bhargava 2019).

As shown in Figure 3 For primary treatment or Stage 1, to a 10-100 L/hr continuous flow wastewater sample,
previously optimized dose of an alkali earth metal oxide and saturated solution of polyelectrolyte was added (pro-
prietary formulation) under fast stirring for 5 min and later slow stirring for 15 min. Thereafter, the formed flocs
could settle for about one hour or until a clear supernatant is obtained. Thereafter, a supernatant was aerated for
mixing of n-TiO, powdered nanomaterial to be added subsequently. The obtained suspension was vigorously stir-
red and fine bubble aeration continued for 30 min. Thereafter, the suspension was left undisturbed for 30 min to
attain adsorption-desorption equilibrium in the contact tank.

In the Stage II of the treatment, the suspension was re-aerated and well mixed for 10 mins before being pumped
to a photocatalytic reactor (PCR) (patented design having optimised geometry and suitable UV light radiation
source) and treated under recirculation mode for 120-180 min (as per requirement). Thereafter, the treated
water was passed through an in-house designed and developed assembly utilising suitable filtration to separate
used nanomaterial. Finally, treated water was obtained and spent nano-catalyst was recovered (Bahadur & Bhar-
gava 2019; Bahadur ef al. 2020; Das et al. 2020; Bahadur 2021).

Analysis of water samples and calculation of removal rate

pH, electrical conductivity, and total dissolved solids (TDS) were analysed by Pocket Pro Plus multi tester by
HACH, USA. UV-vis spectra were recorded on UV-vis spectrophotometer model DR6000 by HACH, USA.
Analysis of other wastewater quality parameters were carried out at National Accreditation Board for Testing
and Calibration Laboratories, India (NABL) accredited laboratory as per ISO/ IEC 17025:2015. Micropollutants
and pathogens were analysed as per standard methods given in APHA 23 edition 2017 at an accredited labora-
tory (Rice et al. 2017).

Computation of figures of merit

Electrical energy per order of magnitude of removal (Egg) is used in the photocatalytic method used in TADOX®
for comparing energy efficiency. Ego was introduced as a Figure of merit by IUPAC and is defined as the elec-
trical energy units in kilowatt hours (kW-hr) essential for breaking down any pollutant C by an order of
magnitude in a unit volume (1 m®) (Bircher et al. 2001). As per Equation (1), Ego has been computed with respect
to order removal of COD. This parameter is critical in estimation of the overall cost of treatment and an impor-
tant parameter for upscaling photocatalytic processes such as TADOX® for field applications (Bahadur et al.
2020; Ghaffarian Khorram & Fallah 2020).

Pt1000

££0 = Viog(C,/C) w
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where, P is the electrical power consumption (in kW), ¢ denotes the time of treatment in hours and V is the
volume of wastewater treated in m>. C; and C; denote the initial and final COD values in mg/L of the water
sample. Energy required to treat the unit volume of wastewater denoted as EEyoume (in kWh m~>) has been
also calculated as per Equation (2) (Bahadur et al. 2020; Ghaffarian Khorram & Fallah 2020).

P¢1000
EEVolume = Vv (2)

The estimation of EEvume is significant to calculate the overall cost of treatment of wastewater (Bahadur et al.
2020).

Estimation of the overall cost of treatment

For estimation of cost of treatment, three of the most important parameters are considered, (i) chemical consump-
tion, (ii) power consumption and (iii) cost of replacement of electromechanical units.

Firstly, to compute the cost of chemicals used in the treatment, the stagewise consumption in g/m> of coagu-
lants, flocculants and Nanomaterials used in treatment have been estimated. Thereafter, the unit rates in INR/kg
of each of the coagulants, flocculants and commercial nanomaterials have been used to compute stage wise cost
of treatment for one cubic meter wastewater.

Secondly, the computation of the power consumption of the treatment has been done by considering the drawn
current, rated voltage, and the operational hours for each of the electro-mechanical units such as agitator, air
blower, pumps, UV lamps and nanomaterial recovery unit. The overall energy consumption is then computed
in kWh per cubic meter of effluent treated and cost of treatment is then calculated in Indian rupees (INR) per
cubic meter considering the INR 8 per kWh rates prevalent at the time of treatment in Haryana, India. Conver-
sion from US dollars (USD) to INR has been done as per 1 USD equivalent to 75 INR.

Thirdly, the cost towards maintenance of the plant and machinery and cost towards the replacement of UV
lamps and other electromechanical items have been estimated as per typical life of 12 months of continuous oper-
ation. Thus, computation of the total cost includes all expenses as elaborated above for the end-to-end treatment.

RESULTS AND DISCUSSION
Pre-biological implementation

Case study 1: treatment of pesticide wastewater from a 2,4-dichlorophenoxyacetic acid (2,4 D) plant, Gujarat,
India

A wastewater sample was obtained from a 24 D manufacturing facility; obtained wastewater was slightly
coloured with some turbidity and had a strong smell, indicating high phenolic content. The sample was subjected
to TADOX®™ treatment to improve the biodegradability of the sample, making it fit for downstream anaerobic-
aerobic biological treatment. Figure 4 shows the pre- and post-treated sample images and the change in water
quality parameters is shown in Table 1.

As evident from Figure 4 and Table 1, there is substantial difference in the aesthetics and water quality after
TADOX®™ treatment. Overall 5 h end-to-end treatment led to treated water having 62% reduction in BOD and
91% reduction in COD. The BOD/COD ratio, indicative of biodegradability, improved by almost four times

-

1. Pre TADOX® 2. Post TADOX®
Figure 4 | Pre- and post-TADOX® treated sample images of the effluent from 2,4 D plant.
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Table 1| Wastewater quality parameters of pre-TADOX®, post Stage | (Pre-AOP) and post-TADOX® treated sample from 2,4 D plant

S.No. Parameter, Unit Pre-TADOX® Post-Stage | Post-TADOX® % Change
1 pH 1.3 7.4 8.1 -

2 Turbidity, NTU 154 310 366 -

3 Total organic carbon, mg/L 8,467 6,755 504 94

4 Dissolved organic carbon, mg/L 7,486 5,644 476 93

5 BOD, mg/L 330 294 125 62

6 COD, mg/L 40,000 38,000 3,600 91

7 TSS, mg/L 729 432 379 48

8 Total phenols, mg/L 1,000 902 400 60

from 0.008 to 0.035 as the result of TADOX®™ treatment. Moreover, toxicity of samples is also expected to be
reduced greatly because of 60% removal in total phenolic content from the treated water. Although there is a
scope of further improvement in biological degradability of the stream with a better BOD to COD ratio
(around 0.3) thus higher retention time of treatment could greatly benefit the results and can be planned in
future. Such a toxicity reduction is essential to maintain the biological activity of the system in subsequent
stage (Vollertsen & Hvitved-Jacobsen 2002; Vilar et al. 2012; Holkar et al. 2016; Zhang et al. 2020). From the
picture it can be clearly seen that the sample became dark coloured, which is attributed to the oxidative degra-
dation of the phenolic compounds and have resulted in the significant COD reduction. Odour of phenols from
the sample was also reduced significantly. When treated with TADOX®, treated samples converted into dark
brown colour which is indicative of oxidation of phenols and four times improved biodegradability with COD
reduction of 90% and BOD reduction of 50-60% (without biological treatment). Thus, this study indicates that
when TADOX® is integrated at a pre-biological stage it will help in downstream biological treatment and is
also expected to reduce the load on subsequent tertiary treatment, thus elaborating the benefits.

Ego for this stream has been estimated to be 15.5 kWh/order-COD-m?, which is lower than literature reported
data of application of photocatalytic process in similar streams, thus this makes TADOX® a promising approach
for commercialisation. Energy requirements per unit treatment volume for this stream has been estimated to be
16.2 kWh/m®. The overall treatment cost for this stream is calculated to be 3.3 USD/m?> at laboratory scale in
batch mode operation, which is expected to be reduced to 1.66 USD/m> at a commercial scale in continuous
mode operation of TADOX® plant. The derived cost of treatment is 58% lower than the existing cost incurred
by the industry for treatment of this difficult wastewater.

Case study 2: treatment of chemical wastewater from an anisole plant, Gujarat, India

Wastewater sample was obtained from an anisole manufacturing plant, which is required to be pre-treated before
it is mixed with other wastewater or undertaken for downstream biological treatment. The obtained wastewater
had strong colour and some turbidity and had a strong smell indicating high phenolic content. Figure 5 shows the
pre- and postTADOX® treated sample images and the change in water quality parameters is shown in Table 1.

1. Pre TADOX® 2. Post TADOX"®

Figure 5 | Pre and Post TADOX® Treated images along with treatment results of treatment of effluent from Anisole plant.
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As clearly shown in Figure 5 and data reported in Table 2, there is substantial change in the aesthetics of the
sample and there is significant reduction in BOD (52%), COD (90%) and total phenolic content (49%). Residual
parameters of the TADOX® treated sample shows that this water is suitable for downstream biological treatment
with BOD/COD ratio increased from 0.093 to 0.45, i.e. five times higher biodegradability within 5 hours of end-
to-end treatment (Holkar et al. 2016). Ego for the treatment of this stream has been estimated to be 24.4 kWh/
order COD-m?, which is also lower than the previous estimations for energy consumption for photocatalytic treat-
ment of industrial wastewater in the range of 50-200 kWh/m?> (Miklos et al. 2018). The overall cost of treatment
of this stream at lab scale implementation has been estimated at 5.35 USD/m?, which is expected to be 3.46 USD/
m? at commercial scale continuous mode plant operation. The derived cost of treatment is 43% lower than the
existing cost incurred by the industry for treatment of this difficult wastewater. Thus, such a pre-treatment has
resulted in removal of toxicity and improved biodegradability, which has led to an increase in overall efficiency
of treatment together making the treatment cost effective and energy efficient.

Table 2 | Wastewater quality parameters of pre-TADOX®, post-Stage | (pre AOP) an final post-TADOX® Treated phenolic effluent
from anisole plant

sno. Parameter, Unit Pre-TADOX® Post-Stage | Post-TADOX® % Change
1 pH 2.1 8.6 7.3 -

2 Turbidity, NTU 302 301 283 6

3 Total organic carbon, mg/L 31,665 29,324 4,097 87

4 Dissolved organic carbon, mg/L 27,654 28,543 3,994 85

5 BOD, mg/L 14,850 14,130 7,200 52

6 COD, mg/L 160,000 135,000 16,000 90

7 TSS, mg/L 2,666 2,202 972 64

8 Total phenols, mg/L 4,350 4,100 2,240 49

Case study 3: treatment of injection water from oil production well, Jharkhand, India

Figure 6 shows treatment of oil and drilling waste pit fluid obtained from the production well in Jharkhand, India.
The sample contained a lot of hydrocarbons, evident from strong colour and pungent odour. There was visible oil
content in the untreated effluent and the TADOX™ treatment was given to this stream for making the stream bio-
logically degradable and have less oils/hydrocarbon content.

1.25 |

1.00 -

0.75 -

0.50 - ~ 1. Pre TADOX® - 2. Post TADOX®

Absorbance

0.25 +

0.00 - \
200 300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Figure 6 | UV-Vis spectra and photos (inset) of pre-TADOX® and post-TADOX® treated sample from oil and drilling waste pit
fluid.

Downloaded from http://iwaponline.com/wpt/article-pdf/17/8/1692/1092815/wpt0171692.pdf
bv auest



Water Practice & Technology Vol 17 No 8, 1699

It is clear from above Figure 6 that TADOX® treatment led to improvement in colour, transparency, and tur-
bidity of the sample. UV-visible spectra also show substantial changes, which indicate the reduction of colour,
COD and dissolved organic content. Detailed water quality analysis of the pre- and post-treated samples is
shown in the Table 3.

Table 3 | Comparative wastewater quality parameters of pre-TADOX®, post-Stage | (pre-AOP) and Post-TADOX® treated
samples from oil and drilling wastewater

S.no Parameter, Unit Pre TADOX® Post-Stage | POst-TADOX® % Change
1 pH 8.2 8.1 8.9 -

2 Turbidity, NTU 110 78 18 83

3 Total organic carbon, mg/L 80 73 26 67
4 Dissolved organic carbon, mg/L 72 70 20 72
5 Zinc, mg/L 0.2 0.2 0.05 75
6 BOD, mg/L 21 13 42 -

7 COD, mg/L 232 247 112 52
8 TDS, mg/L 7,041 6,878 3,357 52
9 Sodium, mg/L 2,112 1,898 1,057 50
10 Dissolved oil and grease, mg/L 588 401 312 47
11 Lead, mg/L 0.4 0.3 ND 99.9
12 Nickel, mg/L 3.2 3.0 1.4 55
13 Total suspended solids, mg/L 102.3 40.1 10.2 920

Table 3 shows significant reduction in heavy metal content such as Zn (75%), Pb (99.9%) and Ni (55%) with
high 52% reduction in COD with 100% increase in BOD concentration. This reduction of COD and increase in
residual BOD concentration is because the treatment led to degradation of long chain hydrocarbons, which are
highly non-biodegradable, into smaller and biodegradable compounds, which resulted in higher BOD values.
This means that biodegradability (BOD/COD) increased more than four times from 0.09 to 0.37, so TADOX®
treated water can be efficiently degraded through downstream conventional biological treatment plants
(Holkar et al. 2016). End-to-end TADOX® treatment of this effluent stream took 3 hours, which is much
lower than conventional technologies and the Ego was estimated to be 19 kWh/order COD-m> with overall
cost of treatment at continuous scale to be 0.9 USD/m?, which is about 80% lower than the current cost incurred
by the industry for pre-treating this stream. Thus, such an intervention could result in substantial improvement in
the current treatment regime.

Post-biological implementation
Case study 1: treatment of biologically treated wastewater from a pharmaceutical unit, Uttarakhand, India

A biologically treated (anaerobic followed by aerobic) wastewater sample was obtained from an ETP of a pharma-
ceutical and chemical manufacturing unit in Uttarakhand, India. From the picture of the pre TADOX® effluent
depicted in Figure 7, the high colour indicates the presence of residual organics, and the treated water cannot be
discharged into the common drain that leads to a surface water body. It was thus subjected to TADOX® treatment
for 3 h leading to complete decolourisation as evident by the UV-Vis spectra in the inset containing images of pre-
and post TADOX® treated samples.

As shown in Table 4, TADOX® treatment led to 96% removal of BOD, 93% in COD, 90% in total nitrogen and
98% in phosphorus content. TADOX®™ treatment result in treated water quality suitable for reuse in applications
cooling tower makeup, boiler makeup etc. Overall cost of the treatment is expected to be 1.3 USD/m?> at batch
scale and may reduce to 0.86 USD/m?> at continuous scale plants and the Ego for the treatment has been eval-
uated to be 6.9 kWh/Order COD-m> with EE,qjume 0f 8.1 KWh/m>. Existing unit incurs about 1.4 USD/m?>,
which translates to about 38% direct OPEX reduction through TADOX intervention in this treatment trail.
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Figure 7 | UV-Vis spectra and photos (inset) of pre-TADOX® effluent, i.e., biologically treated pharmaceutical effluent and post-
TADOX®.

Table 4 | Wastewater quality parameters of pre-TADOX®, post-Stage | (pre-AOP) and post-TADOX® samples from biologically
treated pharmaceutical effluent

s.no Parameter, Unit Pre TADOX® Post Stage | Post TADOX® % Removal
1 pH Value 6.2 7.8 8.1 -
2 Turbidity, NTU 130 10.2 <1 99
3 Total organic carbon, mg/L 300 288 15 95
4 Dissolved organic carbon, mg/L 290 282 24 92
5 BOD, mg/L 255.1 210.5 11.3 96
6 COD, mg/L 1,200 950 80 93
7 TSS, mg/L 40.8 30.4 25.6 37
8 Total nitrogen, mg/L 10.1 9.7 1.0 90
9 Total ammonia, mg/L ND ND 3.4 -
10 Total phosphorus, mg/L 55 1.2 0.1 98

Thus, when compared with application at pre-biological stage, the TADOX®™ integration at post-biological
appears to be more energy efficient and cost competitive.

Case study 2: treatment of biologically treated tannery effluent

Tanneries are an important industry in a major part of Uttar Pradesh (UP) State in India and the process of
leather manufacturing requires a lot of freshwaters in the process and leads to effluent with high dissolved organic
matter, colour, TDS etc. Due to strict enforcement and prohibition of discharge of any treated/untreated waste-
water from the process units, almost all medium-to-large-scale units have installed chrome recovery units for their
high chromium wastewater; evaporator for their soaking water, which has very high salt content, while the other
process water from liming, dehairing etc, processes are sent to conventional ETP systems. These conventional
ETP systems cannot efficiently degrade the chemicals, organics and other complex constituents using biological
treatment alone; however, due to the nature of the effluent to contain high amounts of biologically degradable
contaminants it could be degraded within the norms of the regulator for horticulture development. However,
it is not desirable to use this water for gardening purposes; instead, fresh water needs to be purchased from
the utility for horticulture/gardening, so TADOX" is expected to polish this treated effluent and make it reusable

Downloaded from http://iwaponline.com/wpt/article-pdf/17/8/1692/1092815/wpt0171692.pdf

bv auest



Water Practice & Technology Vol 17 No 8, 1701

with minimal cost investment and energy consumption. A typical TADOX® treatment for 3 hours end-to-end was
carried out on the sample and the treatment results are shown in Figure 8 depicting UV-Vis spectra of the samples
and the inset showing images of the pre- and post-TADOX® treated samples.
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Figure 8 | UV-VIS spectra and photographs of pre- and post-TADOX® treated sample from biologically treated tannery effluent.

As shown in Figure 8, the biologically treated tannery effluent had residual colour, odour and dissolved organ-
ics, whereas after TADOX® treatment, the treated water is free from any colour and organics have been removed,
which is also clearly evident from the UV-Vis spectra. Detailed water quality analysis has been carried out and
tabulated in Table 5.

Table 5 | Comparative wastewater quality parameters of pre-TADOX®, post-stage | (pre-AOP) and post-TADOX® treated
samples from biologically treated tannery effluent

sno Parameter Pre TADOX® Post Stage | Post TADOX® % Change
1 pH 8.2 8.2 8.2 NA

2 Turbidity, NTU 140 90 4 97

3 Total organic carbon, mg/L 90 85 20 78

4 Dissolved organic carbon, mg/L 80 80 20 75

5 Total suspended solids, mg/L 120 75 10 91

6 BOD, mg/L 7.8 7.6 24.6 -

7 COD, mg/L 128 110 80 37.5

8 Total dissolved solids, mg/L 1,040 918 767 26

9 Hexavalent chromium (Cr®*), mg/L 1.2 1.12 0.06 95

From the data in Table 5, it could be seen that there is reduction in COD values and increase in BOD value
indicating that the residual dissolved organics are biologically degradable, and the complex organics have
been converted into simpler contaminants which are naturally degradable. Treated water quality obtained to
have COD less than 100 mg/L and BOD less than 30 mg/L clearly meets the Inland Surface discharge norms
as per GSR 422 (E) Environment Protection Rules, 1986 (Amended 2018) by MoEF&CC, Govt. of India (Central
Pollution Control Board (Ministry of Environment and Forests 2018). Moreover, this quality meets the criteria for
water reuse. The overall cost of treatment is expected to be 1.3 USD/m? with the overall energy requirement of
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6 kWh/m?® for the treatment, which is an affordable way to obtain such high-quality treated water. Existing unit
incurs a cost of 2.1 USD/m3 for polishing of this water prior to its discharge into the industrial cluster drain,
hence TADOX® implementation has potential to reduce cost of polishing by 38%.

Case study 3: treatment of biologically treated slaughterhouse effluent

Slaughterhouse industry, is a highly polluting processing industry, which produces meat and other animal-derived
products such as fats and oils etc., which are used in several chemical and pharmaceutical industries. This indus-
try houses a large portion of the workforce in UP, India. Regulators are pushing this industry to achieve high
water quality standards for its treated water and reuse wastewater as much as possible; however, due to lack
of technological options there has been a delay in the implementation of ZLD in this industry. The main problem
of this effluent is the recalcitrant and residual organic content in the treated effluent, which cannot be degraded
biologically and through conventional processes. TADOX®™ integration at the post-tertiary stage of treatment or
polishing, so to say is expected to remove the residual organics, smell and colour from the sample making it reu-
sable into processes such as washing, scrubbing and dust suppression within the plant premises. 3-hour end-to-
end TADOX® treatment was carried out for this stream and the treatment performance has been shown in
Figure 8 and wastewater quality parameters for the two samples is tabulated in Table 6.

Table 6 | Comparative wastewater quality parameters of pre-TADOX®, post-Stage | (pre-AOP) and post-TADOX® treated
samples from biologically treated slaughterhouse effluent

sno Parameter, Unit pre-TADOX® Post-Stage | Post-TADOX® % Change
1 pH Value 7.4 7.1 7.8 NA
2 Turbidity, NTU 114 88 6 95
3 Total organic carbon, mg/L 10 8 4 60
4 Dissolved organic carbon, mg/L 8 6 <2 99
5 Total suspended solids, mg/L 285 192 20 93
6 Conductivity, umho/cm 6,902 5,952 5,290 23
7 Total dissolved solids, mg/L 3,434 3,010 2,646 23
8 Phosphate, mg/L 8.3 2.1 1.7 80
9 Sulphate, mg/L 1,244 921 822 34
10 Nitrate nitrogen, mg/L 66 61 60 8
11 COD, mg/L 32 30 6 81
12 BOD, mg/L 4 4 <1 100

It is evident from Figure 9 that treated wastewater from the slaughterhouse had a lot of residual colour and
organics whereas the TADOX™ treated wastewater had no residual colour and had impressive aesthetics.
Detailed water quality characterization before and after TADOX® implementation is shown in Table 6.

Data from Table 6 clearly indicates that the TADOX® treated water was almost free from organics and had
COD less than 10 mg/L and undetectable levels of BOD, indicating that water may be efficiently reused back
in the process without any associated health risks. Overall treatment took 3 hours, and the energy requirements
were 8.3 kWh/order COD-m> and the cost of operation has been estimated at 1.3 USD/m? for batch-scale smaller
installations and 0.86 USD/m® for large-scale continuous flow systems. Thus, TADOX® intervention at tertiary
stage is expected to be reduce OPEX by 50% in comparison to the current chemical-based treatment used by
the industry.

CONCLUSIONS

Based on the discussed case studies, it maybe concluded that integration of TADOX®™ in existing systems is
expected to improve quality of treated water, at the same time reduce operating expenses (OPEX). Implemen-
tation of TADOX® at large-scale installations such as common effluent treatment plants (CETP) can aid in
handling shock loads of pollutants, due to non-selectivity of pollutants from mixed wastewater; TADOX® at
CETPs may also be used at the pre-biological treatment stage to remove toxicity, reduce COD, and improve
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Figure 9 | Pre- and post-TADOX® sample image along with comparative wastewater parameters for treatment of biologically
treated slaughterhouse effluent.

biodegradability. When used at the end of treatment i.e., at polishing stage, it improves reusability of treated water
to comply with regulatory norms. TERI Advanced Oxidation Technology (TADOX®) might prove superior to
existing technologies in the following ways:

(i) clean, green, and highly efficient technology utilising intrinsic property of nanomaterials and strong oxidising
power of hydroxyl radicals as compared to other oxidising species involved in other AOPs,

(ii) complete degradation and mineralisation of suspended as well as dissolved organics,

(iii) highly cost effective as these have limited use of externally added chemicals,

(iv) generating negligible sludge, hence mitigate associated secondary pollution issues,

(v) integrated approach with existing systems for compliance with ZLD norms for recycle and reuse.

Ero analysis for various difficult wastewater streams has been done in this study and it clearly shows that
TADOX resulted in lesser electrical energy consumption promising as compared to those reported earlier by
(de S4 et al. 2018; Miklos et al. 2018; Bahadur et al. 2020; Ghaffarian Khorram & Fallah 2020) who worked
on similar difficult wastewaters. Thus, TADOX® proves to be highly efficient and economical as compared to
other AOPs and similar technologies in this domain given that AOPs having Ego below 50 kWh/m® maybe com-
mercialised at large scale (Miklos et al. 2018; Loeb et al. 2019).

Further to the guidelines of ZLD in various polluting industries published by CPCB, Gol in 2015 wherein
advanced technologies, newer and cleaner approaches for stream-specific treatment has been mentioned and
introduced; TADOX®™ could be a useful integration approach in wastewater treatment for such highly polluting
industries. Hence, TADOX® may be an important technology to bring in the much-needed revolution in waste-
water treatment industry and promote enhanced water reuse.

ACKNOWLEDGEMENT

Authors gratefully acknowledge that TADOX™ has been developed under DST Water Mission, Water Technology
Initiative (WTI) Programme of Ministry of Science and Technology, Gol [Ref No: DST/TM/WTI/2K16/78(G)].
National Mission for Clean Ganga (NMCG), Ministry of Jal Shakti, Gol is acknowledged for funding such studies
on pollution abatement under the NMCG-TERI Centre of Excellence (CoE) on Water Reuse [Ref. No: Mi/31/
2021-PMC-NMCG]. These case studies are part of invited talk delivered in the Singapore International Water
Week (SIWW 2021) in the Theme 3.13 - Industrial wastewater treatment and reuse. Authors are thankful to
all the industries for providing the samples.

Downloaded from http://iwaponline.com/wpt/article-pdf/17/8/1692/1092815/wpt0171692.pdf

bv auest



Water Practice & Technology Vol 17 No 8, 1704

DATA AVAILABILITY STATEMENT

All relevant data are included in the paper.

CONFLICT OF INTEREST

The authors declare there is no conflict.

REFERENCES

Ahmed, S., Rasul, M. G., Brown, R. & Hashib, M. A. 2011 Influence of parameters on the heterogeneous photocatalytic
degradation of pesticides and phenolic contaminants in wastewater: a short review. Journal of Environmental Management
92(3), 311-330. doi:10.1016/j.jenvman.2010.08.028.

Bahadur, N. 2021 TERI Advanced Oxidation Technology (TADOX) to treat textile and dyeing wastewater, achieve zero liquid
discharge, and enhance water reuse: R&D-based policy recommendations. The Energy and Resources Institute Policy Brief.

Bahadur, N. & Bhargava, N. 2019 Novel pilot scale photocatalytic treatment of textile & dyeing industry wastewater to achieve
process water quality and enabling zero liquid discharge. Journal of Water Process Engineering 32, 100934. doi:10.1016/
j-jwpe.2019.100934.

Bahadur, N., Das, P. & Bhargava, N. 2020 Improving energy efficiency and economic feasibility of photocatalytic treatment of
synthetic and real textile wastewater using bagasse fly ash modified TiO,. Chemical Engineering Journal Advances 2,
100012. doi:10.1016/j.ceja.2020.100012.

Bircher, K. G., Tumas, W. & Tolman, C. A. 2001 Figures-of-merit for the technical development and application of advanced
oxidation technologies for both electric- and solar-driven systems. Pure and Applied Chemistry. Chimie Pure et Appliquee
73(4), 627-637.

Bukhari, K., Ahmad, N., Sheikh, I. & Akram, T. 2018 Effects of different parameters on photocatalytic oxidation of
slaughterhouse wastewater using TiO, and silver-doped TiO, nanoparticles. Polish Journal of Environmental Studies
28(3), 1591-1600. doi:10.15244/pjoes/90635.

Bustillo-Lecompte, C. F. & Mehrvar, M. 2016 Treatment of an actual slaughterhouse wastewater by integration of biological and
advanced oxidation processes: modeling, optimization, and cost-effectiveness analysis. Journal of Environmental
Management 182, 651-666. doi:10.1016/j.jenvman.2016.07.044.

Central Pollution Control Board (Ministry of Environment and Forests, G. of I. 2015 Guidelines of Techno- Economic
Feasibility of Implementation of Zero Liquid Discharge (ZLD) for Water Polluting Industries.

Central Pollution Control Board (Ministry of Environment and Forests, G. of I. 2018 Central Pollution Control Board Website.
Available from: http://cpcb.nic.in/

Das, P., Bahadur, N. & Dhawan, V. 2020 Surfactant-modified titania for cadmium removal and textile effluent treatment
together being environmentally safe for seed germination and growth of Vigna radiata. Environmental Science and
Pollution Research International 27(8), 7795-7811. doi:10.1007/s11356-019-07480-1.

de S4, D. S., Vasconcellos, L. E., de Souza, J. R., Marinkovic, B. A., Del Rosso, T., Fulvio, D., Maza, D., Massi, A. & Pandoli, O.
2018 Intensification of photocatalytic degradation of organic dyes and phenol by scale-up and numbering-up of meso- and
microfluidic TiO, reactors for wastewater treatment. Journal of Photochemistry and Photobiology. A, Chemistry 364, 59—
75. d0i:10.1016/j.jphotochem.2018.05.020.

Fanourakis, S. K., Pefia-Bahamonde, J., Bandara, P. C. & Rodrigues, D. F. 2020 Nano-based adsorbent and photocatalyst use for
pharmaceutical contaminant removal during indirect potable water reuse. Npj Clean Water 3(1), 1-15. doi:10.1038/
$41545-019-0048-8.

Ghaffarian Khorram, A. & Fallah, N. 2020 Comparison of electrocoagulation and photocatalytic process for treatment of
industrial dyeing wastewater: energy consumption analysis. Environmental Progress & Sustainable Energy 39(1), 13288.
doi:10.1002/ep.13288.

Hasegawa, M. C., Daniel, J. F. d. S., Takashima, K., Batista, G. A. & da Silva, S. M. C. P. 2014 COD removal and toxicity
decrease from tannery wastewater by zinc oxide-assisted photocatalysis: a case study. Environmental Technology
35(13-16), 1589-1595. d0i:10.1080/09593330.2013.874499.

Holkar, C. R, Jadhav, A. J., Pinjari, D. V., Mahamuni, N. M. & Pandit, A. B. 2016 A critical review on textile wastewater
treatments: possible approaches. Journal of Environmental Management 182(November), 351-366. doi:10.1016/
jjenvman.2016.07.090.

Jamil, T. S., Ghaly, M. Y., El-Seesy, L. E., Souaya, E. R. & Nasr, R. A. 2011 A comparative study among different photochemical
oxidation processes to enhance the biodegradability of paper mill wastewater. Journal of Hazardous Materials 185(1),
353-358. doi:10.1016/j.jhazmat.2010.09.041.

Janssens, R., Mandal, M. K., Dubey, K. K. & Luis, P. 2017 Slurry photocatalytic membrane reactor technology for removal of
pharmaceutical compounds from wastewater: towards cytostatic drug elimination. The Science of the Total Environment
599-600, 612-626. doi:10.1016/j.scitotenv.2017.03.253.

Jay, L., Chirwa, E. M. N. & Tichapondwa, S. M. 2019 The effect of reaction conditions on the degradation of phenol by UV/
TiO, photocatalysis. Chemical Engineering Transactions 76, 1375-1380. d0i:10.3303/CET1976230.

Jiménez, S., Andreozzi, M., Mic6, M. M., Alvarez, M. G. & Contreras, S. 2019 Produced water treatment by advanced oxidation
processes. The Science of the Total Environment 666, 12-21. do0i:10.1016/j.scitotenv.2019.02.128.

Downloaded from http://iwaponline.com/wpt/article-pdf/17/8/1692/1092815/wpt0171692.pdf

bv auest


http://dx.doi.org/10.1016/j.jenvman.2010.08.028
http://dx.doi.org/10.1016/j.jenvman.2010.08.028
http://dx.doi.org/10.1016/j.jwpe.2019.100934
http://dx.doi.org/10.1016/j.jwpe.2019.100934
http://dx.doi.org/10.1016/j.ceja.2020.100012
http://dx.doi.org/10.1016/j.ceja.2020.100012
http://dx.doi.org/10.1351/pac200173040627
http://dx.doi.org/10.1351/pac200173040627
http://dx.doi.org/10.15244/pjoes/90635
http://dx.doi.org/10.15244/pjoes/90635
http://dx.doi.org/10.15244/pjoes/90635
http://dx.doi.org/10.15244/pjoes/90635
http://dx.doi.org/10.1016/j.jenvman.2016.07.044
http://dx.doi.org/10.1016/j.jenvman.2016.07.044
http://cpcb.nic.in/
http://cpcb.nic.in/
http://dx.doi.org/10.1007/s11356-019-07480-1
http://dx.doi.org/10.1007/s11356-019-07480-1
http://dx.doi.org/10.1016/j.jphotochem.2018.05.020
http://dx.doi.org/10.1016/j.jphotochem.2018.05.020
http://dx.doi.org/10.1016/j.jphotochem.2018.05.020
http://dx.doi.org/10.1038/s41545-019-0048-8
http://dx.doi.org/10.1038/s41545-019-0048-8
http://dx.doi.org/10.1002/ep.13288
http://dx.doi.org/10.1002/ep.13288
http://dx.doi.org/10.1080/09593330.2013.874499
http://dx.doi.org/10.1080/09593330.2013.874499
http://dx.doi.org/10.1016/j.jenvman.2016.07.090
http://dx.doi.org/10.1016/j.jenvman.2016.07.090
http://dx.doi.org/10.1016/j.jhazmat.2010.09.041
http://dx.doi.org/10.1016/j.jhazmat.2010.09.041
http://dx.doi.org/10.1016/j.scitotenv.2017.03.253
http://dx.doi.org/10.1016/j.scitotenv.2017.03.253
http://dx.doi.org/10.3303/CET1976230
http://dx.doi.org/10.3303/CET1976230
http://dx.doi.org/10.3303/CET1976230
http://dx.doi.org/10.1016/j.scitotenv.2019.02.128
http://dx.doi.org/10.1016/j.scitotenv.2019.02.128

Water Practice & Technology Vol 17 No 8, 1705

Loeb, S. K., Alvarez, P. . ]., Brame, J. A., Cates, E. L., Choi, W., Crittenden, J., Dionysiou, D. D., Li, Q., Li-Puma, G., Quan, X.,
Sedlak, D. L., Waite, T. D., Westerhoff, P. & Kim, J.-H. 2019 The technology horizon for photocatalytic water treatment:
sunrise or sunset? Environmental Science & Technology 53(6), 2937-2947. d0i:10.1021/acs.est.8b05041.

Miklos, D. B., Remy, C., Jekel, M., Linden, K. G., Drewes, J. E. & Hiibner, U. 2018 Evaluation of advanced oxidation processes
for water and wastewater treatment — a critical review. Water Research 139, 118-131. doi:10.1016/j.watres.2018.03.042.

Oliveira Guimaraes, C., Boscaro Franca, A., Lamas Samanamud, G. R, Prado Baston, E., Zanetti Lofrano, R. C., Almeida
Loures, C. C., Rezende Naves, L. L. & Luiz Naves, F. 2019 Optimization of treating phenol from wastewater through the
TiO2-catalyzed advanced oxidation process and response surface methodology. Environmental Monitoring and
Assessment 191(6), 349. doi:10.1007/5s10661-019-7452-x.

Oller, 1., Malato, S. & Sanchez-Pérez, J. A. 2011 Combination of advanced oxidation processes and biological treatments for
wastewater decontamination-a review. The Science of the Total Environment 409(20), 4141-4166. doi:10.1016/j.scitotenv.
2010.08.061.

Oturan, M. A. & Aaron, J.-J. 2014 Advanced oxidation processes in water/wastewater treatment: principles and applications. A
review. Critical Reviews in Environmental Science and Technology 44(23), 2577-2641. doi:10.1080/10643389.2013.
829765.

Ozturk, D. & Yilmaz, A. E. 2019 Treatment of slaughterhouse wastewater with the electrochemical oxidation process: role of
operating parameters on treatment efficiency and energy consumption. Journal of Water Process Engineering 31, 100834.
doi:10.1016/j.jwpe.2019.100834.

Panizza, M. & Cerisola, G. 2004 Electrochemical oxidation as a final treatment of synthetic tannery wastewater. Environmental
Science & Technology 38(20), 5470-5475. do0i:10.1021/es049730n.

Ramteke, L. P. & Gogate, P. R. 2016 Improved treatment approach for the removal of aromatic compounds using polymeric
beads in Fenton pretreatment and biological oxidation. Environmental Science and Pollution Research International
23(20), 20281-20296. d0i:10.1007/511356-016-7242-8.

Ribeiro, A. R,, Nunes, O. C., Pereira, M. F. R. & Silva, A. M. T. 2015 An overview on the advanced oxidation processes applied
for the treatment of water pollutants defined in the recently launched Directive 2013/39/EU. Environment International.
doi:10.1016/j.envint.2014.10.027.

Rice, A., Baird, E. W. & Eaton, R. B. 2017 APHA 2017 Standard Methods for Examination of Water and Wastewater. American
Public Health Association, American Water Works Association, Water Environment Federation ISBN, Washington.
Saravanathamizhan, R. & Perarasu, V. T. 2021 Improvement of biodegradability index of industrial wastewater using different

pretreatment techniques. Wastewater Treatment 103-136. d0i:10.1016/b978-0-12-821881-5.00006-4.

Sivagami, K., Sakthivel, K. P. & Nambi, I. M. 2018 Advanced oxidation processes for the treatment of tannery wastewater.
Journal of Environmental Chemical Engineering 6(3), 3656-3663. d0i:10.1016/j.jece.2017.06.004.

Talwar, S., Sangal, V. K. & Verma, A. 2018 Feasibility of using combined TiO2 photocatalysis and RBC process for the
treatment of real pharmaceutical wastewater. Journal of Photochemistry and Photobiology. A, Chemistry 353, 263-270.
doi:10.1016/j.jphotochem.2017.11.013.

Tooker, N. B., Gao, C., Onnis-Hayden, A. & Gu, A. Z. 2021 Impact of oxidation processes on the composition and
biodegradability of soluble organic nutrients in wastewater effluents. Water Environment Research: A Research
Publication of the Water Environment Federation 93(2), 217-231. do0i:10.1002/wer.1393.

Vidal, J., Carvajal, A., Huiliflir, C. & Salazar, R. 2019 Slaughterhouse wastewater treatment by a combined anaerobic digestion/
solar photoelectro-Fenton process performed in semicontinuous operation. Chemical Engineering Journal 378, 122097.
doi:10.1016/j.cej.2019.122097.

Vilar, V. J. P., Moreira, F. C., Ferreira, A. C. C,, Sousa, M. A., Goncalves, C., Alpendurada, M. F. & Boaventura, R. A. R. 2012
Biodegradability enhancement of a pesticide-containing bio-treated wastewater using a solar photo-Fenton treatment step
followed by a biological oxidation process. Water Research 46(15), 4599-4613. doi:10.1016/j.watres.2012.06.038.

Vollertsen, ]. & Hvitved-Jacobsen, T. 2002 Biodegradability of wastewater-a method for COD-fractionation. Water Science and
Technology: A Journal of the International Association on Water Pollution Research 45(3), 25-34. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/11902477.

Yu, L., Han, M. & He, F. 2017 A review of treating oily wastewater. Arabian Journal of Chemistry 10, S1913-S1922. doi:10.
1016/j.arabjc.2013.07.020.

Zhang, B., Ning, D., Yang, Y., Van Nostrand, J. D., Zhou, J. & Wen, X. 2020 Biodegradability of wastewater determines
microbial assembly mechanisms in full-scale wastewater treatment plants. Water Research 169(115276), 115276. doi:10.
1016/j.watres.2019.115276.

Zhao, C. & Chen, W. 2019 A review for tannery wastewater treatment: some thoughts under stricter discharge requirements.
Environmental Science and Pollution Research International 26(25), 26102-26111. doi:10.1007/511356-019-05699-6.

First received 9 September 2021; accepted in revised form 9 June 2022. Available online 15 July 2022

Downloaded from http://iwaponline.com/wpt/article-pdf/17/8/1692/1092815/wpt0171692.pdf

bv auest


http://dx.doi.org/10.1021/acs.est.8b05041
http://dx.doi.org/10.1021/acs.est.8b05041
http://dx.doi.org/10.1016/j.watres.2018.03.042
http://dx.doi.org/10.1016/j.watres.2018.03.042
http://dx.doi.org/10.1007/s10661-019-7452-x
http://dx.doi.org/10.1007/s10661-019-7452-x
http://dx.doi.org/10.1016/j.scitotenv.2010.08.061
http://dx.doi.org/10.1016/j.scitotenv.2010.08.061
http://dx.doi.org/10.1080/10643389.2013.829765
http://dx.doi.org/10.1080/10643389.2013.829765
http://dx.doi.org/10.1016/j.jwpe.2019.100834
http://dx.doi.org/10.1016/j.jwpe.2019.100834
http://dx.doi.org/10.1021/es049730n
http://dx.doi.org/10.1007/s11356-016-7242-8
http://dx.doi.org/10.1007/s11356-016-7242-8
http://dx.doi.org/10.1016/B978-0-12-821881-5.00006-4
http://dx.doi.org/10.1016/B978-0-12-821881-5.00006-4
http://dx.doi.org/10.1016/j.jece.2017.06.004
http://dx.doi.org/10.1016/j.jphotochem.2017.11.013
http://dx.doi.org/10.1016/j.jphotochem.2017.11.013
http://dx.doi.org/10.1002/wer.1393
http://dx.doi.org/10.1002/wer.1393
http://dx.doi.org/10.1016/j.cej.2019.122097
http://dx.doi.org/10.1016/j.cej.2019.122097
http://dx.doi.org/10.1016/j.watres.2012.06.038
http://dx.doi.org/10.1016/j.watres.2012.06.038
http://dx.doi.org/10.2166/wst.2002.0046
https://www.ncbi.nlm.nih.gov/pubmed/11902477
https://www.ncbi.nlm.nih.gov/pubmed/11902477
https://www.ncbi.nlm.nih.gov/pubmed/11902477
http://dx.doi.org/10.1016/j.arabjc.2013.07.020
http://dx.doi.org/10.1016/j.watres.2019.115276
http://dx.doi.org/10.1016/j.watres.2019.115276
http://dx.doi.org/10.1007/s11356-019-05699-6

	TERI Advanced Oxidation Technology (TADOX&reg;) to treat industrial wastewater with integration at pre- and post-biological stage: case studies from India
	INTRODUCTION
	MATERIALS &'; METHODS
	Operation of the TADOX&reg; plant
	Analysis of water samples and calculation of removal rate
	Computation of figures of merit
	Estimation of the overall cost of treatment

	RESULTS AND DISCUSSION
	Pre-biological implementation
	Case study 1: treatment of pesticide wastewater from a 2,4-dichlorophenoxyacetic acid (2,4 D) plant, Gujarat, India
	Case study 2: treatment of chemical wastewater from an anisole plant, Gujarat, India
	Case study 3: treatment of injection water from oil production well, Jharkhand, India

	Post-biological implementation
	Case study 1: treatment of biologically treated wastewater from a pharmaceutical unit, Uttarakhand, India
	Case study 2: treatment of biologically treated tannery effluent
	Case study 3: treatment of biologically treated slaughterhouse effluent


	CONCLUSIONS
	ACKNOWLEDGEMENT
	DATA AVAILABILITY STATEMENT
	CONFLICT OF INTEREST
	REFERENCES


