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a b s t r a c t 

This study presents an overview on the application of catalytic hydrodehalogenation (HDH) as a potential polish- 
ing step for organohalogenated micropollutants removal during drinking water treatment. Stringent regulations 
for drinking water quality require the development of innovative processes to increase the efficiency of conven- 
tional Drinking Water Treatment Plants (DWTPs). Recently, HDH has appeared as a promising technology for 
such goal. This process can be operated under ambient conditions within a wide range of organohalogenated 
micropollutants concentrations, allowing to significantly decrease the toxicity of the treated water. Despite its 
effectiveness, the performance of the technology can be affected by the nature of the micropollutant. Pharmaceu- 
ticals, pesticides and disinfection by-products, among other, have been herein considered to evaluate the impact 
of the pollutant nature on the performance of the process. The impact of both the active phase and the support 
that constitute the catalysts commonly used in HDH has been also analyzed in detail, considering not only the 
commonly used precious metal-based catalysts (Pd, Rh, Pt) but also innovative and less expensive catalysts like 
Fe, Ni and bimetallic catalysts. Special attention has been also given to study catalyst deactivation and the de- 
velopment of regeneration procedures. To analyze the feasibility of the HDH treatment, its application in real 
complex aqueous matrices such as mineral, tap and surface water has been also considered. Furthermore, the 
possible integration of HDH in a conventional DWTP has been discussed, and the scaling-up of the technology 
using robust structured catalytic reactors has been finally addressed. 
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. Introduction 

Water is a limited natural resource that is exposed to a large di-
ersity of pollutants that can limit its use in different sectors. Among
he most common pollutants, the so-called pollutants of emerging con-
ern or micropollutants have aroused special interest in recent years.
espite appearing at low concentrations in water (in the range of ng
 

− 1 to μg L − 1 ), they could cause adverse effects on the environment, on
quatic organisms, and, ultimately, on human health ( Luo et al., 2014 ).
hese micropollutants usually end up in the sewage networks and, fi-
ally, reach Wastewater Treatment Plants (WWTPs). In these facilities,
ater is subjected to different physico-chemical and biological treat-
ents, which are not totally effective to reach the complete elimination

f these compounds. Accordingly, WWTP discharges represent one of
he main sources of emerging pollutants to natural watercourses. Apart
rom the environmental impact, this situation is of particular concern
hen freshwater is collected for consumption since most of them are
armful to human health ( Jones et al., 2005 ; Padhye et al., 2014 ). 

Water used for human consumption must ensure several quality stan-
ards such as being colorless, odorless, and tasteless. It must also contain
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n adequate concentration of oxygen and dissolved salts and, of course,
e free of pathogenic microorganisms and harmful chemicals. To ob-
ain water suitable for consumption, natural water from aquifers, wells,
ivers, reservoirs and lakes is subjected to a purification process in which
hysico-chemical treatments are mainly applied in order to improve its
uality and thus, to comply with the parameters established by the regu-
ation ( Benner et al., 2013 ). Drinking Water Treatment Plants (DWTPs),
hose general scheme is collected in Fig. 1 , are the facilities intended

or such goal. Pre-treatment, mainly based on physical processes, allows
o separate large objects that could create obstructions along the water
reatment path. Pre-oxidation is afterwards applied, commonly using
hlorine agents due to their low cost. Its main aim is the removal of dis-
olved organic matter as well the reduction of the suspended solids con-
ent and the microbiological load. Clarification of water takes then place
y consecutive coagulation-flocculation, sedimentation, and filtration
rocesses, which remove turbidity and fine residual solids. Finally, pH
s neutralized, and a disinfection step is afterwards applied to warrant
he biological quality of water and prevent the growth of microorgan-
sms along the whole distribution network. Usually, this last step is car-
ied out with chlorinated derivatives, such as chloramine ( Benner et al.,
013 ). 
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Fig. 1. Conventional drinking water treatment 
plant scheme. 
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Drinking water quality in the European Union is regulated by
he Directive 98/83/CE, which was later modified by the Directives
015/1787/EU and 2020/2184/EU. This regulation establishes the san-
tary criteria for the quality of water for human consumption and re-
ects, among other specifications, the type of analysis and sampling

requency of the regulated parameters (microbiological, chemical and
eneral indicators), as well as their threshold limit values. 

. Organohalogenated micropollutants occurrence in DWTPs 

Conventional drinking water treatments do not allow to reach the
omplete elimination of a wide variety of micropollutants ( Benner et al.,
013 ; Vieno et al., 2007 ). Among them, organohalogenated compounds
re of increasing concern since they are characterized by a high
oxicity, low biodegradability and superior bioaccumulation potential
 McHugh et al., 2010 ; Ozturk, 2018 ). The presence of a halogen sub-
tituent on the organic molecules structure is the main reason behind
heir hazardous properties. For example, the EC 50 value (Microtox as-
ay) obtained for the chlorpromazine drug was almost one order of mag-
itude lower than its analog chlorine-free compound, promazine (3.3
nd 26.8 mg L − 1 , respectively) ( Nieto-Sandoval et al., 2019a ). In the
ame line, toxicity of a triclosan solution (EC 50 of 0.25 mg L − 1 ) ana-
yzed by Microtox test using Vibrio fischeri decreased from 12 TUs to
 negligible value after the initial compound was completely dechlori-
ated ( Nieto-Sandoval et al., 2019b ). 

Despite their hazardous properties, most organohalogenated microp-
llutants are not considered in the regulation, and have been detected
n drinking water worldwide ( Huerta-Fontela et al., 2011 ; Padhye et al.,
014 ). These compounds have a varied origin, but they can be gen-
rally classified in three main groups: pharmaceuticals, pesticides and
ersonal care products. Apart from them, the presence of undesired dis-
nfection by-products (DBPs) usually formed along the drinking water
reatment process is of increasing concern given their halogenated (and
azardous) nature. Table 1 collects the organohalogenated compounds
etected in aqueous matrices related to drinking water treatment from
ifferent locations and their DWTP removal efficiencies. 

.1. Pharmaceuticals 

Pharmaceuticals are a wide group of chemical substances designed
o prevent and cure diseases of both animals and humans. Their
2 
idespread consumption, due to the increasing population and tech-
ological development, has promoted their introduction in the aque-
us medium ( Huerta-Fontela et al., 2011 ). The main sources of phar-
aceuticals into the aqueous environment are domestic, hospital and

ndustrial waters as well as those discharged from activities like aqua-
ulture and livestock. Population is exposed to pharmaceuticals through
rinking water and, overall, through the consumption of meat and fish
 Gavrilescu et al., 2015 ). Although they appear at very low concentra-
ions, their potential effects through chronic exposure are of increasing
oncern ( Huerta-Fontela et al., 2011 ; Reis et al., 2019 ). Despite this fact,
hese compounds have not been included in the legislation for drinking
ater, even in the most recent Directive 2020/2184/EU. 

Pharmaceuticals occurrence in natural waters depends significantly
n the location, trends of consumption, climatic conditions, or advance
echnologies implementation, being their overall removal in DWTPs
iverse. For instance, complete removals were achieved for the non-
alogenated erythromycin or sulfamethoxazole while values of 82% and
1% were obtained for the organohalogenated compounds diclofenac
nd loratadine, as shown in Table 1 ( Huerta-Fontela et al., 2011 ).
ing et al. (2013) monitored 32 pharmaceuticals from tap water of 13

ities in China, being caffeine, metronidazole, salicylic acid, clofibric
cid, carbamazepine and dimetridazole those that appeared more fre-
uently ( ≥ 20% of samples). All in all, due to their high persistence,
any organohalogenated pharmaceuticals have been detected in drink-

ng water tap in EU countries. For instance, diclofenac has been detected
t 10 ng L − 1 in Germany and the antibiotic thiamphenicol at 49 ng L − 1 

n China ( Liu et al., 2019 ; Lonappan et al., 2016 ). 

.2. Pesticides 

Organohalogenated compounds are commonly used in the formu-
ation of pesticides and herbicides due to their strong biocidal charac-
er. These compounds, used since the nineteenth century, have evolved
ver the years to more selective and persistent products. In the last
ecades, neonicotinoid pesticides emerged as possible substitutes for
raditional ones, as they have less toxicity towards mammals, birds and
sh ( Tomizawa and Casida, 2005 ). However, nowadays, they are of
reat concern because their association with increased bee mortality
nd, in fact, they have been recently included in the EU Watch List (De-
ision 2018/840) ( Whitehorn et al., 2012 ). 

Pesticide exposure through drinking water is of particular con-
ern since it is related to serious human effects such as gastroin-
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Table 1 

Organohalogenated compounds quantified in real water matrices and removal efficiencies achieved in DWTP. 

Type Compound 
Concentration 
(ng L − 1 ) Place 

DWTP 
removal (%) Reference 

Pharmaceuticals Chlorpromazine 5 DWTP influent, 
Spain 

n.a. ( Huerta-Fontela et al., 2011 ) 

Diclofenac 113 Surface water, 
Spain 

61 ( Jurado et al., 2019 ; Padhye et al., 2014 ) 

Loratadine 123 DWTP influent, 
Brazil 

82 ( Reis et al., 2019 ) 

Pesticides Imidacloprid 40 Tap water, 
USA 

77 ( Elfikrie et al., 2020 ; Klarich et al., 2017 ) 

Acetamiprid 1100 Surface water, 
Belgium 

40 ( Sjerps et al., 2019 ; Wan et al., 2019 ) 

Tebuconazole 10 DWTP effluent, 
China 

88 ( Dong et al., 2021 ; Elfikrie et al., 2020 ) 

Personal care 
products 

Triclosan 15 Tap water, 
China 

55 ( Li et al., 2010 ; Padhye et al., 2014 ) 

Triclocarban 13 Tap water, 
Spain 

n.a. ( Carmona et al., 2014 ) 

DBPs ∗ Dibromoacetic acid 500 Tap water, 
Croatia 

– ( Kurajica et al., 2020 ) 

Trichloroacetic acid 100 Tap water, 
Croatia 

– ( Kurajica et al., 2020 ) 

Trichloromethane 1930 Tap water, 
Spain 

– ( Freire et al., 2008 ) 

n.a. = not available. 
∗ DBPs are usually formed during DWTP process, removal not shown ( Gilca et al., 2020 ). 
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estinal, carcinogenic, respiratory, reproductive and endocrine disrupt-
ng, among other ( Elfikrie et al., 2020 ). For these reasons, legislation
 Directive 2020/2184/EU ) establishes a maximum concentration value
f 0.1 μg L − 1 for individual pesticides, and 0.5 μg L − 1 for the sum of all
f them in drinking water. In addition, aldrin, dieldrin, heptachlor and
eptachlor epoxide have been limited to 0.03 μg L − 1 each. 

Pesticides can pollute the water environment through different pro-
esses such as adsorption of pesticides by soil particles, their leach-
ng through soil by rain or irrigation water, polluting groundwater, or
hrough runoff, appearing in surface water. In fact, the presence of pes-
icides in groundwater in Spain is increasingly abundant as a conse-
uence of agricultural activities ( Herrero-Hernández et al., 2013 ) and
ome organochlorine pesticides that had been prohibited more than 40
ears ago are still being detected, such as DDT or cyclodienes, i.e. aldrin
r endrin, due to their high persistence ( Carro et al., 2014 ). Pesticide
ollution of surface and ground water makes them potential candidates
o be present in the raw water used for DWTPs. Due to the inefficient re-
oval ability of DWTP processes for their removal, they can be present

n final drinking water. As a representative example, it must be noted
hat only 40% removal has been reported for acetamiprid (see Table 1 ).
onsequently, the presence of neonicotinoid pesticides in tap water is
ot uncommon. For instance, imidacloprid has been detected in tap wa-
er from USA at a concentration of 40 ng L − 1 , and propiconazole at
8 ng L − 1 in finished drinking water from Malaysia ( Elfikrie et al., 2020 ;
larich et al., 2017 ). 

.3. Disinfection by-products 

In contrast to the abovementioned micropollutants, disinfection by-
roducts (DBPs) are formed in situ along drinking water treatment, par-
icularly in the pre-oxidation stage, which is usually carried out by
hlorinated agents ( Niu et al., 2016 ; Williams et al., 2019 ). These com-
ounds are generated through substitution, addition and oxidation re-
ctions between the disinfectant agent and the natural organic mat-
er (NOM) as well as the halide ions, such as bromides and chlorides,
resent in the raw water. In the first study reporting the formation of
BPs through water treatment, published in 1974, four types of tri-
alomethanes (THMs) were identified ( Rook, 1974 ). Several years later,
he generation of haloacetic acids (HAAs) was also demonstrated dur-
3 
ng the drinking water treatment ( Christman et al., 1983 ). The main
HMs are chloroform, dichlorobromomethane, dibromochloromethane
nd bromoform. HAAs consist of nine compounds, although the main
nes are monochloroacetic acid (MCAA), dichloroacetic acid (DCAA),
richloroacetic acid (TCAA), monobromoacetic acid (MBAA) and dibro-
oacetic acid (DBAA). Depending on the water characteristics, i.e. pH,

ype of NOM (hydrophobic behavior), or the presence of halide ions,
ifferent DBPs will be produced. For instance, at high pH values ( > 7),
he formation of THMs predominates whereas HAAs are generated to
 minor extent ( Hung et al., 2017 ; Rizzo et al., 2005 ). Moreover, the
resence of bromide ions in the inlet water, usually related to the use
f seawater in the toilets flush, can lead to the formation of hypobro-
ous acid (HOBr) along the pre-oxidation step, which can act as a sub-

tituent agent for DBPs ( Sun et al., 2009 ). In addition, hydrophobic and
igh molecular weight NOM contain the major fraction of DBP precur-
ors such as humic and fulvic acids. If more hydrophilic precursors are
resent, dihaloacetic acids and trihalomethanes would be formed to a
reater extent than trihaloacetic acids ( Hua and Reckhow, 2007 ). 

DBPs can affect human health in terms of cytotoxicity, mutagenicity,
eratogenicity and carcinogenicity ( Postigo et al., 2018 ; Srivastav et al.,
020 ). In a very recent work, Evlampidou et al. (2020) reported a study
ollecting data of THMs levels in drinking water from 28 countries, indi-
ating that prolonged exposure to these contaminants is associated with
n increased risk of bladder cancer. Specifically, an exposure greater
han 25 μg L − 1 increased the risk by 35% ( Evlampidou et al., 2020 ).
romine-containing DBPs have been associated with a higher toxic char-
cter than the chlorinated ones ( Yang and Zhang, 2013 ). Iodinated DBPs
epresent a low percentage of the total DBPs in drinking water, but they
ontribute substantially to the overall toxicity and have not been so far
arefully evaluated ( Abusallout et al., 2017 ). Although up to 700 types
f DBPs have been identified in the aqueous medium, just a small per-
entage of these compounds are under regulation for drinking water
uality. In this sense, the maximum concentration for the total sum of
HMs has been established at 80 μg L − 1 by the US EPA, while in Eu-
ope (Directive 2020/184/EU) it has been fixed at 100 μg L − 1 . In ad-
ition, US EPA, and very recently also the European Union (Directive
020/2184/EU), have established a maximum concentration in drink-
ng water for the sum of the five HAAs mentioned above at 60 μg L − 1 

 US EPA, 2006 ). All in all, it is common to detect DBPs in drinking water
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Fig. 2. MCAA catalytic hydrodehalogenation reaction scheme. 
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or human consumption. For instance, dibromoacetic and trichloroacetic
cids have been identified in tap water from Croatia at 500 and 100 ng
 

− 1 , respectively, while chloroform has been detected at 1930 ng L − 1 in
pain, as shown in Table 1 . 

.4. Other organohalogenated micropollutants 

Apart from DBPs, pharmaceuticals and pesticides, there are other
roups of organohalogenated micropollutants present in water sources
hat can also cause a potential impact to human health. Personal care
roducts like perfumes, fragrances, toothpaste, or sun protection agents
re used to a large extent in our daily life, and they usually contain
ersistence chemicals that cannot be completely eliminated in WWTPs.
hese compounds are introduced into the water environment after in-
omplete absorption, excretion from body or from industrial wastes
 Cizmas et al., 2015 ; Ebele et al., 2017 ). For instance, the bactericide
gent triclosan, widely used in products such as toothpaste, deodorants
r shampoos, appears frequently in surface waters ( Singer et al., 2002 ;
hao et al., 2010 ). Since its removal in DWTPs is not complete (55%
verage), triclosan has even been also detected in tap water in China at
 concentration of 15 ng L − 1 ( Li et al., 2010 ). 

Chemical flame retardants, commonly applied in the industry for
re prevention, are also an important group of pollutants of emerg-

ng concern. Brominated flame retardants (BFRs), applied to commer-
ial products such as plastics, textiles or electronic circuits, are par-
icularly harmful ( de Wit, 2002 ). Among them, the most common are
etrabromobisphenol A (TBBPA), polybromadodiphenyl ethers (PBDEs)
nd hexabromocyclododecane (HBCD). Although many of them were
egulated since 2003 by EU due to their harmful effects, they are still
resent in watercourses. Specifically, BDE-209 has been identified in
urface waters in England at a concentration of 0.3 μg L − 1 ( Cristale et al.,
013 ). These compounds are currently replaced by novel brominated
ame retardants (NBFRs) and organophosphates (OPFRs), but their
oxic nature continues being evidenced and are still detected in fin-
shed drinking waters, such as the chlorinated organophosphate TDIP
tris(dichloroisopropyl)phosphate) at a concentration of 70 ng L − 1 in
SA ( Cristale et al., 2013 ; Stackelberg et al., 2007 ). 

Perfluorinated compounds (PFCs), mainly used in detergents or in
he Teflon industry, are also of great concern. PFCs have been detected
n raw and finished water from DWTPs, achieving a total removal of only
5% ( Sun et al., 2018 ). Among them, perfluorooctane sulfonate (PFOS)
nd perfluorooctane acid (PFOA) are the most predominant pollutants.
n fact, EPA established in 2016 a maximum concentration at 70 ng L − 1 

or the sum of both in drinking water ( Cordner et al., 2019 ). 
Finally, chlorinated paraffins, used in the industry as additives in

ubricants and plasticizers, show high persistence and bioaccumulative
nd toxic properties as well. Short-chain chlorinated paraffins (SCCPs)
re the most used and, despite their low solubility in water, they have
een identified in different watercourses ( Bayen et al., 2006 ). Although
ata of their occurrence in drinking water has not been found in the
iterature, SCCPs have been detected in surface water used as source for
WTP in Spain at a concentration of 0.15 μg L − 1 ( Rubirola et al., 2018 ).

. Application of catalytic hydrodehalogenation for 

rganohalogenated micropollutants removal 

The presence of organohalogenated micropollutants in drinking wa-
er represents an issue of increasing concern, and stringent regulations
re being developed in this regard. As representative example, it must be
oted that, apart from the well-known THMs, HAAs have been included
n the recent Directive 2020/2184/EU, focused on the quality of water
ntended for human consumption. In addition to those contaminants,
ther organohalogenated compounds such as pesticides are also under
egulation. Nevertheless, other emerging halogenated contaminants are
till being investigated and are not regulated. Accordingly, the search
4 
or innovative treatments that warrant the effective elimination of such
ompounds is crucial. 

So far, advanced oxidation technologies such as Fenton-based pro-
esses, UV-light irradiation/H 2 O 2 and ozonation have received ma-
or attention for the removal of organohalogenated compounds in
he literature ( Guzzella et al., 2002 ; Perez-Estrada et al., 2005 ;
oerschmann et al., 2009 ; Schmidt and Brauch, 2008 ). However, these
rocesses usually require long reaction times to achieve the removal of
hort organic molecules like THMs or HAAs ( Shemer and Narkis, 2005 ),
nd can also generate more toxic intermediates than the parent com-
ounds ( Munoz et al., 2011 ; Diaz et al., 2016 ; Pérez-Moya et al., 2007 ).
n practice, adsorption onto activated carbon is the conventional process
hich shows the highest efficiency for the removal of emerging pollu-

ants in DWTPs ( Leone et al., 2018 ). Although it can remove organohalo-
enated compounds to a high extent, further treatments of the saturated
dsorbent are required, which is not desirable from both economic and
nvironmental points of view ( Liu et al., 2016 ). 

As has been abovementioned, the toxicity and persistence of
rganohalogenated pollutants is directly associated with the carbon-
alogen bond. Consequently, catalytic hydrodehalogenation (HDH) ap-
ears as a promising alternative to eliminate organohalogenated microp-
llutants. In this process, hydrogen reacts with the organohalogenated
ompound in the presence of a catalyst (usually based on precious met-
ls as active phase) and the carbon-halogen bond is broken resulting
n the replacement of the halogen by a hydrogen atom. Thus, hydro-
enated halogen-free products and the corresponding hydrohalic acids
re obtained ( Mackenzie et al., 2006 ). This transformation commonly
eads to a notable abatement of the effluent toxicity ( Keane, 2011 ). As
xample, Fig. 2 shows the scheme of the HDH reaction of MCAA. 

The general equation of the HDH reaction can be expressed as fol-
ows: 

 𝑥 𝐻 𝑦 𝑋 𝑧 + 𝑧 𝐻 2 → 𝐶 𝑥 𝐻 𝑦 + 𝑧 + 𝑧𝐻𝑋 

One of the main advantages of HDH is that it allows operating un-
er ambient conditions within a wide range of initial pollutant con-
entrations. Accordingly, most HDH studies have been carried out un-
er ambient conditions (temperature and pressure). The application of
ore severe operating conditions has been mainly evaluated for the

reatment of highly polluted industrial wastewaters ( Calvo et al., 2007 ;
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angoi et al., 2010 ). For instance, Calvo et al. (2007) carried out the
reatment of kraft pulp industry effluents by HDH operating at a tem-
erature range from 25 to 100 °C and pressure from 1 to 11 bar. Re-
arding the reductant agent, molecular hydrogen has been commonly
mployed by bubbling gaseous hydrogen into the reaction medium
 Kopinke et al., 2004 ; Mackenzie et al., 2006 ). The main advantage is
o avoid the formation of waste products. The use of alternative sources
f reductants has been also investigated, mainly for the treatment of
ighly polluted wastewaters where the feed of H 2 could be insuffi-
ient due to its low solubility (0.84 mM at 15 °C and 100 kPa). Formic
cid and, to a lower extent, hydrazine, have been mainly evaluated
 Kopinke et al., 2004 ; Wang et al., 2010 ; Yu et al., 2016 ). For instance,
u et al. (2016) investigated the removal of trichloroethylene (TCE) in
ater using formic acid, obtaining ethane and HCl as reaction products.
oreover, Miyabe et al. (2003) studied TCE hydrodechlorination using

ydrazine as reductant, showing that the process efficiency was highly
nfluenced by pH conditions. All in all, these alternative sources of hy-
rogen present important shortcomings such as poisoning of the active
ites of the catalysts or metal leaching by using acid solutions. There-
ore, the use of hydrogen gas is a clean solution and the most suitable
or the treatment of organohalogenated micropollutants in DWTPs. Due
o the low concentration of the micropollutants, H 2 bubbling would be
nough, despite its low solubility, and additional water residues would
e avoided. 

So far, HDH has been mainly explored for the removal of organohalo-
enated pollutants in industrial wastewaters such as those coming from
he production of pesticides or paper ( Nangoi et al., 2010 ; Yuan and
eane, 2003 ). Nevertheless, more recently, this technology has been
lso evaluated for the removal of organohalogenated micropollutants
hat can affect drinking waters. Table 2 summarizes the literature works
ealing with the application of HDH for such type of target pollutants.
s can be observed, this technology has proved to be highly effective for

he complete removal in short reaction times under ambient conditions
f a wide range of compounds such as pharmaceuticals, pesticides, per-
onal care products and DBPs. In the following sub-sections, the choice
f catalyst and the role of the micropollutants nature on the performance
f the process will be deeply evaluated. Catalyst deactivation phenom-
na will be also addressed and a review on the most effective regenera-
ion procedures developed so far will be offered. Finally, the integration
f the HDC technology in the DWTP scheme will be analyzed, and the
caling-up of the process will be addressed. 

.1. The choice of catalyst 

HDH catalysts commonly consist of a precious metal homogeneously
ispersed onto a material of high specific surface area that acts as sup-
ort. The latter must guarantee an adequate interaction and dispersion
f the metal to increase the number of available active sites as well
s to warrant their stability. These active sites, specially, the electron-
eficient species of the metal, are the responsible for hydrogen molecule
dsorption and dissociation, while the zero-valent ones are the respon-
ible for halogenated compounds adsorption, leading to the carbon-
hlorine bond breakdown. The choice of appropriate supports is crucial
o stabilize metal particles and avoid particle aggregation ( Zheng et al.,
020 ). Furthermore, they can also influence the reagents adsorption and
ass transfer processes ( Lan et al., 2019 ). The most used supports in

he HDH system are alumina (Al 2 O 3 ), activated carbon (AC), silicon ox-
de (SiO 2 ), cerium oxide (CeO 2 ) and zirconia (ZrO 2 ) ( Lowry and Rein-
ard, 2000 ; Mackenzie et al., 2006 ; Nieto-Sandoval et al., 2018 ). 

The use of inert materials as supports has proved to be especially
dvantageous compared to carbonaceous solids. As representative ex-
mple, it must be mentioned the study of Yuan and Keane (2004) , who
valuated the effect of the support in the HDH of chlorophenols using
d/Al 2 O 3 and Pd/AC catalysts. Although both catalysts were highly ac-
ive, Pd/Al 2 O 3 showed a substantially higher stability after sequential
ses, showing a performance close to that of the fresh catalyst, while
5 
he reuse of Pd/AC catalyst was accompanied by a notable loss of ac-
ivity. The deactivation of this catalyst was explained by a substantial
ecrease in the specific surface area (up to 60%) due to the adsorp-
ion of reaction species as well as by a remarkable Pd leaching ( ca .
0%) caused by the corrosive action of HCl ( Yuan and Keane, 2004 ).
t was then demonstrated that significantly stronger metal/support in-
eractions prevalent in Pd/Al 2 O 3 compared to Pd/AC, and that the lower
dsorption capacity of the former prevents its fouling to a high extent. In
 more recent work, Wu et al. (2015) evaluated the role of the catalytic
upport in the HDH of DCF using Pd-supported onto different materi-
ls such as Al 2 O 3 , AC, SiO 2 and CeO 2 . Again, an inert material was se-
ected as prominent support. Pd/CeO 2 was found to be the optimum cat-
lyst followed by Pd/Al 2 O 3 in terms of activity. Nevertheless, Pd/CeO 2 
howed a significant progressive deactivation after consecutive appli-
ations ( Wu et al., 2015 ). In this sense, Zheng et al. (2020) obtained
imilar results during the hydrodehalogenation of the undesired disin-
ection by-product bromochloroacetic acid using palladium-based cata-
ysts, concluding that the supports with the highest PZC values gave rise
o stronger electro-static attraction between the reactant and the cata-
ysts surface and showed higher catalytic activity. In more recent works
 Nieto-Sandoval et al., 2018 , 2019a , 2019b , 2020a , 2020b ), the high
ctivity and remarkable stability of Pd/Al 2 O 3 have been newly demon-
trated, being this catalyst recognized as one of the most suitable in this
eld. In fact, its successful application for the removal of a wide range
f organohalogenated micropollutants such as pharmaceuticals, pesti-
ides, personal care products and DBPs has been already demonstrated
nd will be discussed in detail in the following section. 

Regarding the active phase, precious metals such as Pd, Rh or Pt have
een commonly used due to their high capacity for the hydrogenolysis
f C-X bonds ( Arias and Correa, 2007 ; Diaz et al., 2009 ; Diaz et al.,
016 ; Munoz et al., 2014 ). Among them, Rh and Pd have shown the
ighest activity in HDH reactions, obtaining kinetic constants in the
emoval of chlorophenols of 1.41 and 2.68 L min − 1 g metal 

− 1 , respec-
ively, compared to Pt catalysts (0.17 L min − 1 g metal 

− 1 ) which, also,
ave showed a progressive deactivation due to the adsorption of chlori-
ated species for the treatment of chlorophenols ( Molina et al., 2014 ).
urthermore, the HDH of the flame retardant tetrabromobisphenol A
TBBPA) with Pd, Pt and Rh catalysts have been recently investigated
 Nieto-Sandoval et al., 2021a ). Although TBBPA sharply decreased in all
ases, obtaining a kinetic constant of 0.88 L min − 1 g cat 

− 1 using the Pd
atalyst, the debromination stage took considerably longer times using
t and Rh catalysts. In fact, after 2 h of reaction bromine balance was
ot closed with these catalysts, while with the Pd/Al 2 O 3 catalyst it was
losed in 5 min. Although in other cases Rh catalysts have been very ac-
ive for hydrodehalogenation, showing also high activity for the hydro-
enation step ( Diaz et al., 2008 ), Pd catalysts are the most widespread
sed due to their high activity under ambient conditions for a wide va-
iety of organohalogenated compounds and their high resistance to HCl
oisoning ( Diaz et al., 2015 ; Munoz et al., 2014 ). Hydrodehalogenation
eaction is strongly influenced both by the size and the oxidation state
f the precious metal which constitutes the active sites of the catalyst.
ccordingly, increasing the metal dispersion, which results in a decrease

n particle size, leads to a greater number of accessible active sites al-
owing to minimize the amount of active phase required to catalyze a
pecific reaction and thus, to reduce the catalyst cost. Fig. 3 shows Pd
anoparticles by TEM image and zerovalent (Pd 0 ) and electrodeficient
Pd n + ) palladium bands obtained from the XPS analysis of a commercial
d/Al 2 O 3 catalyst. The presence of both palladium species (zerovalent
nd electrodeficient) in the catalyst surface is necessary to obtain active
alladium-based catalysts in HDH reactions since they are responsible
f hydrogen and halogenated compounds chemisorption, respectively.
he surface Pd n + /Pd 0 molar ratio calculated from the XPS analysis of
d/Al 2 O 3 catalyst was 1.04, close to 1 which is the optimal value pro-
osed by Gomez-Sainero et al. (2002) for the aforementioned catalysts
uring HDH reactions. In addition, bimetallic catalysts are receiving spe-
ial attention. The combination of various noble metals can increase the
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Table 2 

Summary of the application of HDH for organohalogenated micropollutants removal. 

Catalyst Target pollutant Operating conditions Water matrix Results Stability Reference 

Bio-Pd/Au Diclofenac (DCF) C DCF = 20 mg L − 1 

C cat = 50 mg Pd/Au 

L − 1 

T = 25 °C pH = 7 
H 2 

Deionized water X DCF = 78% (24 h) Not studied ( De Corte et al., 
2011 ) 

Bio-Pd/Au Diclofenac (DCF) C DCF = 20 mg L − 1 

C cat = 50 mg Pd/Au L 
− 1 

T = 25 °C pH = 7 
H 2 

Deionized water 
and hospital WWTP 
effluent 

X DCF = 43% (24 h in 
WWTP effluent) 

Not studied ( De Corte et al., 
2012 ) 

Pd/ZrO 2 

(1.74% wt.) 
Monochloroacetic 
acid (MCAA) 
Dichloroacetic acid 
(DCAA) 
Trichloroacetic acid 
(TCAA) 

C cont = 0.16 mmol 
L − 1 

C cat = 0.15 g L − 1 

T = 25 °C pH = 5.6 
H 2 = 250 mL min − 1 

Deionized water X cont = 100% 

(120 min) 
Not studied ( Zhou et al., 2013 ) 

Pd/CeO 2 

(2.6% wt.) 
Diclofenac (DCF) C cont = 0.24 mmol 

L − 1 

C cat = 0.1 g L − 1 

T = 25 °C pH = 9 
H 2 = 250 mL min − 1 

Deionized water X DCF = 100% 

(60 min) 
After 5 runs, 
activity decreased 
75% 

( Wu et al., 2015 ) 

Au–Pd bimetallic 
nanoparticles 

Chloramphenicol 
(CAP) 

C cont = 50 mg L − 1 

C cat = 10 g L − 1 

T = 25 °C pH = 7 
H 2 

Deionized water X DCF = 100% (3 h) After 3 runs, 
constant activity 
X DCF = 99% 

( Wang et al., 2015a ; 
Wang et al., 2015b ) 

Resin supported Pd 
catalyst 
(2% wt.) 

Triclosan (TCL) C cont = 2.9 mg L − 1 

Resin = 1 g L − 1 

T = 20 °C pH = 4.9 

Deionized water 
and 10 mM NaCl 
matrix 

X TCL = 100% 

(120 min) 
After 8 runs, 
K obs = 1.24 L g − 1 

min − 1 

( Han et al., 2017 ) 

Pd/Al 2 O 3 

(1% wt.) 
Diclofenac (DCF) C DCF = 0.068 mmol 

L − 1 

C cat = 0.5 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

Deionized water 
WWTP effluent 
Surface water 

X DCF = 100% 

(30 min) 
After 3 runs, 
constant activity 
X DCF = 100% 

(30 min) 

( Nieto- 
Sandoval et al., 
2018 ) 

Pd/Al 2 O 3 

(1% wt.) 
Diclofenac (DCF) 
Triclosan (TCL) 
Sertraline (SRT) 
Chloramphenicol 
(CAP) 
Trichloromethane 
(TCM) 

C cont = 3 mg L − 1 

C cat = 0.25 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

Deionized water 
Mineral water 
Tap water 
Surface water 

X cont = 100% 

(60 min) 
X TCM = 100% 

(30 min, 
C TCM = 100 μg L − 1 , 
C cat = 1 g L − 1 ) 

After 5 runs, 
constant activity 
X cont = 100% 

(60 min) 

( Nieto- 
Sandoval et al., 
2019b ) 

Pd/Al 2 O 3 

(1% wt.) 
Chlorpromazine 
(CPZ) 

C CPZ = mg L − 1 

C cat = 0.25 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

Deionized water X CPZ = 100% 

(90 min) 
After 5 runs, 
activity decreased 
100% 

( Nieto- 
Sandoval et al., 
2019a ) 

Pd/CeO 2 

(1.4% wt.) 
Monochloroacetic 
acid (MCAA) 
Bromochloroacetic 
acid (BCAA) 

C cont = 0.2 mmol L − 1 

C cat = 0.05 g L − 1 

T = 25 °C pH = 5.6 
H 2 = 100 mL min − 1 

Deionized water 
X cont = 100% 

(30 min) 
After 5 runs, 
activity decreased 
34% 

( Zheng et al., 2020 ) 

Pd/Al 2 O 3 

(1% wt.) 
Monochloroacetic 
acid (MCAA) 
Dichloroacetic acid 
(DCAA) 
Trichloroacetic acid 
(TCAA) 
Monobromoacetic 
acid (MBAA) 
Dibromoacetic acid 
(DBAA) 
Bromochloroacetic 
acid (BCAA) 

C cont = 0.05 mmol 
L − 1 

C cat = 0.50 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

Deionized water X cont = 100% 

(60 min) 
Not studied ( Nieto- 

Sandoval et al., 
2020a ) 

Pd/Al 2 O 3 

(1% wt.) 
Acetamiprid (ACT) 
Imidacloprid (IMD) 
Clothianidin (CLT) 
Thiacloprid (THC) 
Thiamethoxam 

(THX) 

C cont = 1 mg L − 1 

C cat = 0.25 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

Deionized water X cont = 100%, except 
X THC = 80% 

(30 min) 

After 4 runs, 
X ACT-IMD = 100% 

X CLT = 45% 

X THC = 5% 

X THX = 73% 

(15 min) 

( Nieto- 
Sandoval et al., 
2020b ) 
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ctivity towards HDH process. In this sense, Wang et al. (2015a) devel-
ped Au–Pd bimetallic nanoparticles for the hydrodechlorination of DCF
howing that the combination of both metals resulted in 95% conver-
ion, while the use of them individually lead to negligible or much lower
ctivity. Although Au metal present low capacity to adsorb hydrogen,
u can activate C-Cl bond that is subsequent attacked by hydrogen dis-
ociated at the centers of other metal combined, increasing the activity.
6 
evertheless, the use of noble metals significantly increases the cost of
he system. In this context, although transition metals are not active
nder ambient conditions, the combination of transition metals such as
e or Ni with precious metals can accordingly reduce the catalyst cost
 Wu et al., 2005 ). Munoz et al. (2016) studied PtNi catalysts for HDC of
-chlorophenol, showing low activity of monometallic Ni catalyst and
 progressive deactivation of monometallic Pt catalyst due to chlorine
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Fig. 3. Pd/Al 2 O 3 catalyst: a) TEM image and b) deconvolution of the Pd 3d core-level spectra. 
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oisoning, while PtNi nanoparticles were notably active and stable after
uccessive runs. In other work, a bimetallic Pd-Fe catalyst was developed
or the treatment of 4-chlorophenol, remaining the activity and obtain-
ng a magnetic catalyst which is useful for further separation. However,
p to 10% of iron leaching was observed after 3 h experiment, which is
n important drawback for water treatment ( Munoz et al., 2014 ). There-
ore, although bimetallic catalysts with transition metals allow to re-
uce the catalyst cost, taking advantage of the precious metal properties
 Golubina et al., 2006 ; Zhou et al., 2010 ), their limitations with regard
atalyst stability and metal leaching hinder their use in water treatment
 Calvo et al., 2008 ). Further investigation should be conducted in this
eld. 

.2. Role of organohalogenated micropollutants nature on HDH. Impact on

ctivity and stability 

The nature of the organohalogenated compounds as well as the kind
nd number of halogen substituents can play an important role in their
eactivity towards HDH. As previously mentioned, HDH has been ap-
lied for the dehalogenation of different micropollutant families such as
harmaceuticals, pesticides, personal care products and DBPs. For the
ake of comparison, the kinetic constants obtained in the HDH of repre-
entative groups of these pollutants using a commercial Pd/Al 2 O 3 cata-
yst at 25 °C in deionized water are collected (see Table S1 of Supporting
nformation) ( Nieto-Sandoval et al., 2019a , 2019b , 2020a , 2020b ). The
rocess allowed to achieve the complete removal of all these compounds
n relatively short reaction times ( < 60 min), obtaining kinetic constant
alues in the range of 0.12– L g − 1 cat min − 1 . Although no significant
ifferences can be found among the groups of organohalogenated pol-
utants evaluated, there are specific compounds in all these groups that
howed a significantly higher reactivity towards HDH. The reasons be-
ind such differences in the reactivity of the pollutants will be discussed
elow by analyzing the results obtained in each of these families. 

Pharmaceutical compounds have been devoted to HDH treatment in
 number of works ( De Corte et al., 2011 , 2012 ; Nieto-Sandoval et al.,
018 , 2019b ; Wu et al., 2015 ). These compounds present complex
tructures formed by aromatic rings and groups such as nitro, amide,
lcohols, sulfur and, as previously mentioned, halogens substituents.
he anti-inflammatory drug diclofenac (DCF) has been highly inves-
igated given its high persistence and ubiquitous occurrence in natu-
al waters ( De Corte et al., 2011 , 2012 ; Nieto-Sandoval et al., 2018 ;
u et al., 2015 ). Moreover, other pharmaceuticals, such as the antide-

ressant sertraline (SRT) and the antibiotic chloramphenicol (CAP), as
ell as the antibacterial agent triclosan (TCL) have been completely re-
7 
oved by HDH reaction. In this case, the reactivity towards HDH could
e explained by the number of available positions where the nucle-
philic substitution by hydrogen can take place ( Nieto-Sandoval et al.,
019b ). According to the obtained kinetic constants in the range of
.32–1.56 L g − 1 cat min − 1 , the reactivity increased in the following order:
RT < DCF < TCL < CAP. Remarkably, CAP showed four available positions
two chlorine atoms, a nitro and an amide groups), TCL present three
hlorine atoms and DCF and SRT, two chlorine atoms. Furthermore, the
olecule pKa value plays a particular role in the reactivity towards HDH
ue to its influence in the attraction between the charges of the molecule
nd the catalyst surface. In this case, since the experiments were car-
ied out at natural pH and during reaction this value decreased due to
he HCl production, the surface of the Pd/Al 2 O 3 catalyst was positively
harged (pH PZC = 8.7). Therefore, SRT suffered an electrostatic repulsion
ue to its high pKa value (9.16). Moreover, although the antipsychotic
PZ was completely removed by HDH, particularly the presence of sul-

ur in its structure led to a progressive catalyst deactivation due to the
trong interaction between sulfur and Pd active sites. 

Pesticides have been also widely subjected to HDH treatment. Pesti-
ides present complex structures and mostly with aromatic rings, some-
imes more than one. Remarkably, they usually contain a high num-
er of halogen substituents. As pharmaceuticals, their reactivity towards
DH could be explained by the positions susceptible of substitution by
ydrogen but they have shown some differences. Several works have
ealt with chlorophenols removal by HDH achieving complete conver-
ion ( Calvo et al., 2010 ; Diaz et al., 2016 ; Mendes et al., 2021 ). However,
he reactivity towards HDH decreased with the number of chlorine sub-
tituents, attributed to a higher stability of C-Cl bonds ( Xia et al., 2009 ;
hou et al., 2010 ). More recently, the dehalogenation of five neonicoti-
oid pesticides listed in the EU Watch List (Decision 2018/840) has been
valuated through HDH. This work was focused on the effect of microp-
llutant nature on the activity and stability of a Pd/Al 2 O 3 catalyst. Both
esticides, ACT and IMD, with one chlorine atom showed similar ki-
etic constants (2 L g − 1 cat min − 1 ). However, sulfur-bearing structures
ed to a progressive catalyst deactivation due to the catalyst poisoning
 Nieto-Sandoval et al., 2019a , 2020 ). Remarkably, it should be noted
hat sulfur-free compounds were disfavored when the five micropollu-
ants were treated in a mixture, confirming that the interaction of sulfur-
ontaining pollutants with Pd active sites is significantly favored. 

A huge range of DBPs have been completely removed by HDH tech-
ology, specially the most common trihalomethanes and haloacetic
cids. These compounds are characterized by a simple molecular struc-
ure, without aromatic rings, but usually present bromine and chlo-
ine substituents. As it has been aforementioned, the number and kind
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Scheme 1. Reaction pathway for the HDH of 
DCF using Pd/Al 2 O 3 catalyst. 
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f halogen substituents influence the reactivity towards HDH of the
rganohalogenated compounds. Thus, bromoacetic acids have shown
igher reactivity than the chlorinated ones, which was attributed to
he lower C-Br bond dissociation energy. As shown in Table S1 (see
upporting Information), the kinetic constants obtained for MCAA and
BAA were 0.12 and 1.25 L g cat 

− 1 min − 1 , respectively. In addition, in
he case of chloroacetic acids, the reactivity increased with the halo-
enation degree, specially from one to two chlorine atoms. Neverthe-
ess, this trend was not followed by the brominated ones since simi-
ar kinetic constants were obtained regardless of the bromine content
 Nieto-Sandoval et al., 2020a ). Moreover, trihalomethane was com-
letely removed in 30 min, obtaining a kinetic constant of 0.28 L
 cat 

− 1 min − 1 ( Nieto-Sandoval et al., 2019b ). Similar results regarding
he chlorination degree were reported by Mackenzie et al. (2006) for
hloromethanes HDH, obtaining higher Pd/Al 2 O 3 catalyst activity for
etrachloromethane than trichloromethane, corresponding to C-Cl bond
trengths of 306 and 339 kJ mol − 1 , respectively. 

So far, the reaction pathways of HDH process for organohalogenated
icropollutants removal have been evaluated via stepwise, following a

onsecutive dehalogenation reaction, and/or concerted reactions, where
imultaneous dehalogenation of more than one halogen takes place
 Nieto-Sandoval et al., 2019b ; Zheng et al., 2020 ; Zhou et al., 2013 ).
or instance, the removal of DCF by HDH followed a consecutive reac-
ion pathway (see Scheme 1 ), obtaining the chlorine-free hydrogenated
-anilinophenylacetate (APA) as final product ( Nieto-Sandoval et al.,
018 ). Furthermore, it has been demonstrated that concerted reac-
ions gained importance with increasing the chlorination degree ( Nieto-
andoval et al., 2020a ). 

All in all, it must be highlighted that HDH technology allows to
ignificantly decrease the toxicity of the effluent regardless of the na-
ure of the organohalogenated pollutant treated, due to the generation
f halogen-free hydrogenated products. For instance, the antibacterial
gent triclosan, characterized by a high toxicity, was completely re-
oved by HDH, reaching negligible ecotoxicity values in 10 min reac-

ion time ( Han et al., 2017 ; Nieto-Sandoval et al., 2019b ). In the same
ay, the pharmaceuticals DCF, CAP, SRT and CPZ with EC 50 values
f 6.2, 404, 8.8 and 3.3 mg L − 1 , respectively, were treated by HDH
eading to nontoxic effluents ( Nieto-Sandoval et al., 2019a , 2019b ).

u et al. (2015) also evaluated the treated DCF effluent after HDH on
aphnia magna showing that the 48 h-EC 50 value of a diclofenac solu-

ion increased from 21.5% (in% dilution) to 35.1% when DCF was com-
letely dechlorinated. This is a notable benefit of HDH technology in
omparison with other treatments such as oxidation processes that can
ead to more toxic compounds. For instance, Zhao et al. (2009) eval-
ated the toxicity by Vibrio fischeri along an electro-oxidation reaction
f DCF resulting that the inhibition increase up to 89% in 2 h reaction
howing that transformation intermediates were more toxic than single
iclofenac (65%). 
8 
.3. Development of effective catalyst regeneration procedures 

Given the high cost of the catalysts used, one of the main limita-
ions of the HDH system is catalyst deactivation. It can be attributed
o multiple phenomena such as poisoning of the metal active sites by
ydrohalic acids formed along reaction, leaching of the metal or by-
roducts adsorption and fouling ( Ordóñez et al., 2007 ). Although the
pplication of HDH in DWTPs would imply the treatment of highly di-
uted streams, where catalyst deactivation would be less favored, it is
rucial to evaluate such phenomenon. Understanding the reasons behind
atalyst deactivation would also allow to develop effective regeneration
rocedures and thus, to facilitate the potential application of this tech-
ology in DWTPs. 

The release of HCl or HBr along reaction, immediately dissociated
n liquid phase, leads to the acidification of the reaction medium and
an also affect the catalyst surface. This is, in fact, one of the main
auses of catalyst deactivation in HDH, which limits the process and
ncreases the costs ( Yuan and Keane, 2003 ). Furthermore, metal leach-
ng can pose a risk from the environmental point of view ( Egorova and
nanikov, 2016 ). Operating under slightly alkaline conditions by the
ddition of different bases like NaOH or KOH has proved to prevent
his kind of catalyst poisoning ( de Pedro et al., 2011 ). Moreover, in or-
er to achieve a more stable anchorage of the active phase onto the
upport and reduce metal leaching, an oxidative treatment with nitric
cid have showed promising results in a Pd on activated carbon cata-
yst ( Calvo et al., 2010 ). Nevertheless, considering that micropollutants
ould appear at very low concentrations in DWTPs, the generation of
alide species would not remarkably affect the stability of the catalyst.
urthermore, Pd/Al 2 O 3 catalyst would be preferentially used and, as has
een previously explained, it showed a strong Pd-support interaction. 

The outstanding stability of Pd/Al 2 O 3 in the HDH of a wide range
f micropollutants (pharmaceuticals, pesticides, personal care prod-
cts and DBPs) has been recently demonstrated ( Nieto-Sandoval et al.,
019a , 2019b , 2020a , 2020b ). Nevertheless, it must be noted that sulfur-
earing pollutants such as the neonicotinoid pesticides (CLT, THC and
HM) or the pharmaceutical chlorpromazine led to a progressive deacti-
ation of the catalyst after consecutive HDH runs ( Nieto-Sandoval et al.,
019a , 2020b ). This fact was attributed to the selective interaction of
ulfur species on Pd surface resulting in a blocking of active sites. 

The water matrix composition can also affect the stability (and ac-
ivity) of the catalyst since the presence of co-existing substances like
alts or organic content can lead to its poisoning and/or fouling. The
ccurrence of such species could have a major impact on the catalytic
erformance when they appear at relatively high concentrations. For in-
tance, Heck et al. (2009) found a 70% activity decrease in the presence
f chloride (0.02 M NaCl) and sulfide (S:Pd surf ratio up to 1) ions due to
atalyst poisoning by Cl and S atoms chemisorption onto Pd active sites.
n a more recent work, the HDH of DCF in hospital wastewater exhib-
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Fig. 4. Process diagram of the HDH system integration in a DWTP. 
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h  
ted a prominent inhibition due to poisoning of the active sites by the
resence of salts ( Nieto-Sandoval et al., 2018 ). Nevertheless, the matrix
ffect on the performance of Pd/Al 2 O 3 has been of negligible impor-
ance when water matrices of characteristics more similar to the ones
ound in DWTPs have been tested ( Nieto-Sandoval et al., 2019b ). For
nstance, HDH was successfully applied for the removal of DCF, TCL,
AP and SRT pharmaceuticals in different real water matrices (mineral
ater, tap water and surface water). The conductivity values of these
atrices were in the range from 41 to 200 μS cm 

− 1 . The other param-
ters analyzed were chloride ions (0.35–14.1 mg L − 1 ), organic carbon
0.3–2.7 mg L − 1 ) and inorganic carbon (3.5–14.9 mg L − 1 ). Far from any
ign of deactivation, the catalyst led to HDH rates even slightly higher
han those obtained in deionized water, which was attributed to the neu-
ralization of the chloride ions generated along reaction by the presence
f a moderate concentration of salts ( Nieto-Sandoval et al., 2019b ). 

Neither the halides generated along reaction nor the water matrix
omposition represent any significant threat for the stability of the cat-
lyst (Pd/Al 2 O 3 ) in the potential application of HDH in DWTPs. Never-
heless, as has been previously mentioned, the presence of sulfur-bearing
icropollutants could lead to a progressive deactivation of the cata-

yst. Accordingly, the development of catalyst regeneration procedures
hould be developed to warrant its reusability. These processes must en-
ure the complete restoration of the catalyst activity while maintaining
ts outstanding properties. In this sense, the main issues that should be
onsidered are the possible sintering of Pd nanoparticles as well as Pd
eaching and/or metal oxidation. 

As shown in Table 3 , which summarizes the main methods applied
or catalyst regeneration in HDH processes, both thermal and chemi-
al treatments have been investigated. Regarding thermal treatments, it
ust be noted that the unique application of calcination did not allow

o restore the activity of Pd/Al 2 O 3 due to the oxidation of the Pd ac-
ive sites. In fact, the Pd 0 /Pd n + ratio was decreased from 1.01 to 0.47
 Nieto-Sandoval et al., 2019a ). A consecutive reduction treatment after
alcination allowed to recover almost completely the fresh catalyst ac-
ivity, which confirmed the importance of keeping the Pd 0 /Pd n + ratio
t around 1. 

Although the consecutive calcination-reduction treatment has
roved to be effective for the regeneration of the catalyst activity, it
mplies a high energy consumption. Accordingly, the search for more
ost-effective and environmentally friendly alternatives is receiving in-
reasing attention. Chemical oxidative methods have been mainly ex-
lored in this regard. They are based on the washing of the catalyst by
ifferent solutions such as NaOH, KMNO 4 , H 2 O 2 or NaClO (see Table 3 ).
he application of KMNO 4 was not effective for Pd/Al 2 O 3 regeneration
ecause it led to a strong oxidation of metal species (Pd 0 /Pd n + = 0.3).
n the other hand, both H 2 O 2 and NaClO diluted aqueous solutions al-

owed to recover the initial activity of the Pd/Al 2 O 3 catalyst. Neverthe-
ess, only NaClO achieved the complete regeneration without modifying
he oxidation state of the Pd active sites. This regeneration procedure is
articularly promising given its fast mode of action, simplicity and low-
ost. In fact, its effectiveness has been already demonstrated in consec-
tive HDC-regeneration runs in the treatment of pharmaceuticals and
esticides ( Nieto-Sandoval et al., 2019a , 2020b ). 

.4. Integration of catalytic hydrodehalogenation in DWTP scheme 

The integration of HDH technology in DWTPs must ensure the ef-
ective removal of organohalogenated micropollutants in short reaction
imes while not negatively affecting the other treatment steps commonly
mployed in these plants ( Fig. 1 ). On the other hand, it must be con-
idered that DBPs are generated along the pre-oxidation treatment and
hus, HDH should be positioned afterwards. Furthermore, the presence
f organic matter could be counterproductive for the HDH performance.
or instance, Han et al. (2017) reported that the presence of humic acid
t 30 mg L − 1 of TOC decreased the reaction constant rate 27% for the
emoval of the antibacterial agent TCL. The occurrence of suspended
9 
olids could also lead to the fouling of the catalyst. Accordingly, HDH
hould be preferentially applied as a purification step. 

The final treatment applied in DWTPs is commonly disinfection, as it
ust ensure the biological quality of water along the whole distribution
etwork. This process is usually carried out by the addition of monochlo-
amines instead of chlorine due to their higher stability ( Bond et al.,
011 ; Moradi et al., 2017 ). In a recent work, the effect of HDH on
onochloramines from tap water (0.97 mg Cl2 L 

− 1 ) was evaluated, and
heir complete degradation was achieved in less than 30 min operat-
ng under ambient conditions ( Nieto-Sandoval et al., 2019b ). Even in
he absence of catalyst, their concentration was reduced up to 70% by
tripping. Based on these results, it is clear that the HDH treatment in
 DWTP should be located prior the disinfection step to avoid the re-
oval of the chloramines. On the other hand, since the generation of
ydrohalic acids should be neutralized, the HDH treatment should be
arried out before the pH adjustment. Fig. 4 shows a process diagram of
he proposed integration of HDH in a conventional DWTP. 

.5. HDH process scaling-up 

Catalytic hydrodehalogenation has been successfully tested at lab
cale by conventional catalytic processing ( i.e. slurry batch reactors)
sing powdered catalysts (see Table 1 ). The application of this tech-
ology at larger scales must consider long-term operation in continu-
us mode while keeping its high removal efficiency. For this configura-
ion, the employment of powdered catalysts involves important short-
omings like difficult catalyst recovery and high pressure drops. Thus,
ts implementation at larger scale remains an important challenge that
as been scarcely investigated. The used of fixed bed reactors packed
ith granular catalysts appears as an alternative for such goal, but

arge pressure drops and risk of blockage could be suffered ( Avril et al.,
017 ; Koekemoer and Luckos, 2015 ). Xiong et al. (2018) evaluated
hlorophenols HDH using a novel Pd/CNTs-Ni composite catalyst show-
ng high efficiency and stability after 60 h, but the reaction was con-
rolled by H 2 mass transfer limitations, which is an important draw-
ack. Clearly, uniform flow and optimal mixing should be warranted
n these systems ( Müller et al., 2015 ). Accordingly, the development
f structured catalysts would represent an important step forward. For
nstance, Luo et al. (2020) showed promising results with the develop-
ent of a continuous system based on the deposition of Pd nanoparticles

n H 2 transfer hollow fiber membranes for the dechlorination of 1,1,1-
richloroethane and TCE. High conversions were achieved and just 4%
f Pd was lost over 90 days of continuous operation, overcoming one
f the principles limitations ( Luo et al., 2020 ). More recently, Nieto-
andoval et al. (2021b) developed an innovative Pd-based Catalytic
embrane Reactor (CMR) which consists in a cylindrical inert porous

lumina membrane as support decorated in the outer surface by Pd
anoparticles. In this system, hydrogen permeates through the porous
aterial to the external membrane surface, where a controlled reaction

one is formed to favor the three-phase contact. The catalytic system was
pplied for the removal of the anti-inflammatory DCF with reasonable
onversion, showing an extraordinary stability for up to 200 h. 

. Prospects and concluding remarks 

This review summarizes the application of aqueous-phase catalytic
ydrodehalogenation (HDH) as a promising alternative to deal with fur-
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Table 3 

Summary of regeneration methods applied in HDH processes. 

Category 
Regeneration 
method Deactivation Catalyst Target pollutant Operating conditions Results Reference 

Thermal Calcination 
200 °C 3 h 

Species adsorption 
fouling 

Pd/AC 4 ‑chloro-2- 
methylphenoxyacetic 
acid (MCPA) 

C MCPA = 0.075 mmol 
L − 1 , 0.4 mL min − 1 

C cat = 2.75 g L − 1 

T = 30 °C 
H 2 = 50 mL min − 1 

Not effective ( Diaz et al., 2016 ) 

Calcination 200 °C 
3 h-reduction 150 °C 
2 h 

Species adsorption 
fouling 

Pd/AC 4 ‑chloro-2- 
methylphenoxyacetic 
acid (MCPA) 

C MCPA = 0.075 mmol 
L − 1 , 0.4 mL min − 1 

C cat = 2.75 g L − 1 

T = 30 °C 
H 2 = 50 mL min − 1 

Not effective ( Diaz et al., 2016 ) 

calcination 
250 °c 2 h 

sulfur compounds Pd/Al 2 O 3 

(1% wt.) 
Chlorpromazine 
(CPZ) 

C CPZ = 3 mg L − 1 

C cat = 0.25 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

X CPZ = 0% (90 min) ( Nieto-Sandoval et al., 
2019a ) 

calcination 250 °c 
2 h -reduction 150 °c 
1 h 

sulfur compounds Pd/Al 2 O 3 

(1% wt.) 
Chlorpromazine 
(CPZ) 

C CPZ = 3 mg L − 1 

C cat = 0.25 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

X CPZ = 99% (90 min) ( Nieto-Sandoval et al., 
2019a ) 

Chemical kmno 4 
0.09 mmol L − 1 

pH = 3 
60 min 

sulfide Pd/Al 2 O 3 

(1% wt.) 
Chlorobenzene 
(MCB) 

C MBC = 20 mg L − 1 

C cat = 0.15 g L − 1 

T = 25 °C pH = 13 
H 2 

Activity recovery 
100% 

( Angeles-Wedler et al., 2009 ) 

NaOH 

1–1.5 mM 

5 mL min − 1 

8 h, 30 °C 

Species adsorption 
fouling 

Pd/AC 4 ‑chloro-2- 
methylphenoxyacetic 
acid (MCPA) 

C MCPA = 0.075 mmol 
L − 1 , 0.4 mL min − 1 

C cat = 2.75 g L − 1 

T = 30 °C 
H 2 = 50 mL min − 1 

Activity partially 
recovered 
Not stable 

( E. Diaz et al., 2016 ) 

kmno 4 
50 mg L − 1 

2 h, 25 °c 

sulfur compounds Pd/Al 2 O 3 

(1% wt.) 
Chlorpromazine 
(CPZ) 

C CPZ = 3 mg L − 1 

C cat = 0.25 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

X CPZ = 0% (90 min) ( Nieto-Sandoval et al., 
2019a ) 

naclo 
750 mg L − 1 

2 h, 25 °c 

sulfur compounds Pd/Al 2 O 3 

(1% wt.) 
Chlorpromazine 
(CPZ) 

C CPZ = 3 mg L − 1 

C cat = 0.25 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

X CPZ = 100% 

(90 min) 
( Nieto-Sandoval et al., 
2019a ) 

h 2 o 2 
1000 mg L − 1 

2 h, 25 °c 

sulfur compounds Pd/Al 2 O 3 

(1% wt.) 
Chlorpromazine 
(CPZ) 

C CPZ = 3 mg L − 1 

C cat = 0.25 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

X CPZ = 90% (90 min) ( Nieto-Sandoval et al., 
2019a ) 

naclo 
750 mg L − 1 

2 h, 25 °c 

sulfur compounds Pd/Al 2 O 3 

(1% wt.) 
Acetamiprid (ACT) 
Imidacloprid (IMD) 
Clothianidin (CLT) 
Thiacloprid (THC) 
Thiamethoxam 

(THX) 

C cont = 1 mg L − 1 

C cat = 0.25 g L − 1 

T = 25 °C pH = 7 
H 2 = 50 mL min − 1 

X Cont = 100% 

(15 min) 
( Nieto-Sandoval et al., 
2020b ) 
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W  
her quality drinking water regulations related to organohalogenated
icropollutants occurrence. To date, HDH process has been success-

ully applied at lab scale for the removal of a wide variety of com-
ounds (pharmaceuticals, personal care products, pesticides or disin-
ection by-products), reducing significantly the effluent toxicity under
mbient conditions. Nevertheless, the nature of such pollutants can sig-
ificantly influence their reactivity towards HDH. Remarkably, increas-
ng the halogenation grade or depending on the kind of halogen sub-
tituents, i.e. brominated pollutants, higher reaction rates can been ob-
ained, while the presence of sulfur-containing species can lead to a pro-
ressive catalyst deactivation. 

With regard to the employed catalysts in HDH, the noble metal Pd is
sually used as active phase and alumina has been proved to be an excel-
ent support. Although it has shown a reasonable stability, catalyst de-
ctivation can occur due to the hydrohalic acids formed along reaction,
hich can lead to metal leaching and, overall, by-products adsorption.
o overcome this limitation, different catalyst regeneration procedures
ave been developed, being the subtle washing of the catalyst with Na-
lO especially promising given its high effectiveness and low cost. On
he other hand, the development of bimetallic catalysts with transition
etals is being also investigated with the aim of increasing the stability

f the catalyst as well as reducing its cost. 

a  

10 
HDH has proved to be a versatile process, being effective in differ-
nt real water matrices such as mineral, tap and surface waters. In any
ase, the integration of this technology in a DWTP is intended as pol-
shing step once major organic matter has been removed and prior pH
djustment and disinfection. Its implementation at larger scales must
onsider operating in continuous mode for long-term operation. In this
ense, the development of structured catalysts, mainly catalytic mem-
rane reactors, appears as a promising solution. Pd/CMR has proved an
utstanding activity and stability for micropollutants abatement for up
o 200 h. 
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