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• Catalytic hydrogenation on Pd/TiO2 
removed MC-LR from water with fast 
kinetics. 

• Selective catalytic hydrogenation of the 
Adda moiety led to effective 
detoxification. 

• The reactions selectively targeted three 
C––C bonds of MC-LR in sequence. 

• Surface adsorption and the cationic Pd 
played a key role in the reaction 
kinetics.  
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A B S T R A C T   

The hepatotoxicity of Microcystin-LR (MC-LR) is mainly caused by its Adda moiety. In this study, we used TiO2- 
supported Pd catalysts to selectively hydrogenate the C––C bonds in the Adda moiety, achieving rapid detoxi
fication of MC-LR in water under ambient conditions. MC-LR was removed within 5 min by catalytic hydroge
nation on Pd(1.0)/TiO2 with a catalyst dosage normalized rate constant of 1.3 × 10− 2 L mgcat

− 1 min− 1, 
significantly more efficient than other catalytic treatment methods. The reactions proceeded in a highly selective 
manner towards catalytic hydrogenation at the C––C bond of the Mdha moiety and subsequently the conjugated 
double bond of the Adda moiety, yielding two intermediates and one final product. Upon catalytic hydrogenation 
for 30 min on Pd(0.07)/TiO2, the toxicity of MC-LR (assessed by protein phosphatase 2A activity assay) dras
tically decreased by 90.8%, demonstrating effective detoxification. The influence of catalyst support, Pd content, 
initial MC-LR concentration, reaction pH, and catalytic stability were examined. Surface adsorption and the 
cationic Pd played a crucial role in the reaction kinetics. Our results suggest that catalytic hydrogenation is a 
highly effective and safe strategy for detoxifying MC-LR by selective reactions.   
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1. Introduction 

Microcystin-LR (MC-LR) produced by cyanobacteria is one of the 
most widespread toxins in eutrophic waters that in many cases serve as 
the source of drinking water (Sharma et al., 2012; Vasconcelos et al., 
1996). MC-LR can cause irreversible liver damage or cancer owing to its 
ability to inhibit the activity of proteins phosphatase 1 and 2A (Carmi
chael, 2001; Hitzfeld et al., 2000). The LD50 of MC-LR is 50 μg kg− 1 

bodyweight, close to the venom of Crotalus atrox (an international 
reference venom with an LD50 of 56 μg kg− 1) (Chorus and Welker, 
2021). It was frequently found in the source water for drinking water 
treatment facilities around the globe and sometimes even found in the 
drinking water supply with concentrations as high as 3.6 μg L− 1 (Hoeger 
et al., 2005; Mohamed et al., 2015). The World Health Organization has 
proposed a guideline of 1.0 μg L− 1 for MC-LR in drinking water (WHO, 
2017). The United States Environmental Protection Agency also 
included microcystins on the fourth contaminant candidate list (U.S. 
EPA, 2016). Therefore, the detoxification of MC-LR in water is an 
important treatment challenge. 

MC-LR is relatively stable in water due to its cyclic and hydrophilic 
structure (Fig. S1). In many cases, physical treatment processes 
commonly used in water treatment facilities (e.g., coagulation, sedi
mentation, and rapid filtration) cannot sufficiently remove MC-LR due 
to its soluble nature (Mohamed et al., 2015; Shang et al., 2018). A va
riety of chemical treatment techniques to eliminate MC-LR from water 
have been investigated, including ozonation, chlorination, and photo
catalysis (Guo et al., 2018; Kull et al., 2004; Shawwa and Smith, 2001; 
Zhang et al., 2019). Although these techniques can achieve effective 
removal of MC-LR, additional challenges remain to be addressed. Pho
tocatalysis processes demand relatively high energy usage (Woan et al., 
2009). Chlorination and ozonation processes may lead to harmful 
byproducts due to side reactions (Chang et al., 2014; Lu et al., 2018; von 
Gunten, 2003). Ozonation can lead to the formation of bromate and 
bromo-organic byproducts, which are harmful to human health (von 
Gunten, 2003). Therefore, the development of new treatment techniques 
capable of rapidly degrading or detoxifying MC-LR is highly desirable. 

The hepatotoxicity of MC-LR is mainly caused by the covalent 
bonding between protein phosphatases and its Adda moiety (Carmichael 
and An, 1999). Reductive treatment of MC-LR provides an attractive 
alternative for the detoxification process since the Adda moiety of 
MC-LR contains double bonds. Gao et al. (2016) investigated the 
degradation of MC-LR by nanoscale zero-valent iron (nZVI) and found 
28% of MC-LR was removed after 2 h. The activity of nZVI could be 
enhanced by functionalizing it with Ni or Pd, which resulted in 90% 
MC-LR removal in 120 min (Gao et al., 2016; Wang et al., 2014). 
However, nZVI-based materials are highly susceptible to deactivation 
even in pure waters, and are difficult to regenerate and reuse. Liquid 
phase catalytic hydrogenation could be a highly effective water treat
ment method to reductively remove undesirable chemical substances in 
water such as oxyanions (i.e., hydrodeoxygenation), N-nirosamines (i.e., 
N–N hydrogenation), and halogenated organic pollutants (i.e., hydro
dehalogenation) (Huo et al., 2018; Knitt et al., 2008; Sun et al., 2018; 
Zheng et al., 2020). Nevertheless, catalytic strategies selectively target 
C––C bonds have not yet been investigated for water treatment. 

Supported Pd catalysts are widely used in liquid phase catalytic 
hydrogenation research due to their superior capability in H2 activation 
under ambient conditions (Chaplin et al., 2012). Pd can serve as a highly 
selective hydrogenation catalyst owing to its affinity for unsaturated 
bonds (Antonetti et al., 2015; Liu et al., 2020). For example, SiO2-
supported Pd catalysts exhibited high hydrogenation selectivity to C––C 
rather than C––O bond for cinnamaldehyde to form hydro
cinnamaldehyde as the final product (Yang et al., 2012). The toxic Adda 
moiety of MC-LR comprised of two possible hydrogenated groups (i.e., 
aromatic ring and conjugated double bond), in which the conjugated 
double bond was mainly responsible for its hepatotoxicity (He et al., 
2016). 

We postulate that effective and rapid detoxification of MC-LR can be 
achieved by selective catalytic hydrogenation of the C––C in the Adda 
moiety, using supported Pd catalysts. In this work, we (1) examine the 
feasibility of the detoxication of MC-LR using catalytic hydrogenation on 
TiO2-supported Pd catalysts; and (2) elucidate the key structural prop
erties of supported Pd catalysts determining its catalytic activity. 

2. Materials and methods 

2.1. Materials 

Palladium chloride (>99%) was purchased from Shanghai Chemical 
Reagent Co., Ltd., China. TiO2 (P25) was purchased from Evonik 
Degussa, Germany. Sodium hydroxide (≥96.0%) and hydrochloric acid 
(≥96.0%) were purchased from Sinopharm Chemical Reagent Co., 
China. Sodium carbonate ((Na2CO3, AR) was purchased from Nanjing 
Chemical Reagent Co., China. Trifluoroacetic acid (TFA, ≥99.5%) was 
purchased from Maclin, China. MC-LR (1 mg, ≥95% purity) was pur
chased as lyophilized solid from Taiwan Algal Science Inc and stored in a 
freezer at − 20 ◦C. Two milliliters of deionized water was added to 
dissolve the MC-LR standard, yielding a 500 mg L− 1 of MC-LR stock 
solution. The MC-LR stock solution was stored at 4 ◦C in the dark and 
vortexed for 2 min prior to use. 

2.2. Catalyst preparation 

The supported Pd catalysts were prepared using the deposition- 
precipitation method. Briefly, 1 g of TiO2, Al2O3, or SiO2 was 
dispersed in 20 mL deionized water containing a desired amount of 
PdCl2. After stirring for 2 h, Na2CO3 solution (1 mol L− 1) was added 
dropwise into the suspension until pH reached 10.5, and the mixture was 
further stirred for 2 h. The resulting solid was recovered by filtration, 
washed with deionized water, oven-dried at 105 ◦C for 6 h, and calci
nated in a muffle furnace at 300 ◦C for 4 h. All the catalysts were pre- 
reduced at 300 ◦C for 2 h in an H2 stream before characterization and 
the catalytic hydrogenation (Kang et al., 2002; Kwak et al., 2013). The 
synthesized catalyst was denoted as Pd(x)/TiO2, Pd(x)/Al2O3, or Pd 
(x)/SiO2, where x is the Pd content (wt.%) measured by the inductively 
coupled plasma atomic emission spectroscopy (ICP-AES, PerkinElmer 
Optima-5300DV, PerkinElmer, Inc., USA). 

2.3. Catalyst characterization 

The Pd contents of the samples were determined by the ICP-AES. The 
X-ray diffraction (XRD) patterns of the samples were recorded in the 
range of 20–80◦ on a Bruker D8 Advance powder diffraction-meter 
(BRUKER, Germany) using Cu Kα radiation (λ = 1.540562 Å). The 
crystalline phases were analyzed based on the standard JCPDS files. The 
microstructures of the catalysts were analyzed by a Tecnai G2 F20 Super 
Twin transmission electron microscope (TEM) at 200 eV equipped with 
a high angle annular dark-field (HAADF) detector (FEI, USA). The 
specimens were prepared by dispersing the catalysts in ethanol using an 
ultrasonic bath and evaporating a drop of resulting suspension onto the 
lacey carbon support grid. The X-ray photoelectron spectroscopy (XPS) 
spectra were collected on an ESCALAB 250Xi spectrometer (Thermo 
Scientific, USA) equipped with a monochromatized Al Kα X-ray source 
(hv = 1486.6 eV) and a hemispherical analyzer. The operation condition 
was set to be 50 eV pass energy with a step size of 0.05 eV over an energy 
window of 30 eV and a pressure of 10− 9 MPa. The C1s peak (284.6 eV) 
was used for the calibration of binding energy values. Nonlinear Shirley- 
type background subtraction was applied for all spectra. For determi
nation of the Pd state on catalysts, the Pd 3d spectra were deconvoluted 
using XPSPeak41 software. The fitting lineshape of Pd0 was derived 
from standard Pd powder recorded on the same conditions. The areas of 
fitting peaks in the Pd 3d5/2 region were used for the estimation of the 
Pdδ+/Pd0 ratio. 
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The isoelectric points (IEP) of the catalysts were determined by the 
phase analysis light scattering (PALS) using a ZEN 3500 Zetasizer Nano 
ZS (Malvern, Worcestershire, U.K.). Briefly, 3 mg catalysts were 
dispersed in deionized water. The pH values of the suspensions were pre- 
adjusted at set points using HCl or NaOH solution. After equilibration for 
24 h, the potentials of the suspensions were measured using the Zeta
sizer Nano ZS. 

The particle sizes and dispersions of Pd were determined using H2 
chemisorption on a Micromeritics Autochem II chemisorption analyzer 
(Micromeritics Instrument Co., Norcross, GA). Two hundred milligram 
of catalyst was loaded in a U-shaped quartz reactor and heated to 300 ◦C 
in a 10 vol % H2/Ar stream (30 mL min− 1) for 2 h to reduce the catalyst 
in-situ. Then, the stream was switched to an Ar stream for 1 h at 300 ◦C 
to remove the adsorbed H2. After cooling down to room temperature, H2 
chemisorption was conducted using a pulse method. The dispersion of 
Pd was determined on the assumption of a unit adsorption stoichiometry 
from the following equation based on H2 chemisorption data (Aramen
dia et al., 1996): 

D=
AU
vW

(1)  

where A is the atomic weight of Pd (106.4 g/mol), U is the H2 chemi
sorption amount using a pulse method (mol), v is the adsorption stoi
chiometry (0.5 mol H2 per surface atom of Pd), and W is the amount of 
Pd (g). 

2.4. Batch reaction 

The catalytic performance of the catalysts for MC-LR hydrogenation 
was evaluated using a batch system in a 50 mL three-neck flask at 25 ◦C. 
The catalysts were ground to pass through a 400-mesh sieve (<37 μm) 
prior to the tests. Two milligrams of catalyst were dispersed in the re
action flask containing 20 mL of 2 mg L− 1 MC-LR solution at pH 6.1. The 
suspension was bubbled with a N2 flow (100 mL min− 1) under vigorous 
stirring for 15 min to remove dissolved O2. Then the N2 flow was 
switched to a H2 flow (100 mL min− 1) to initiate the reaction. The high 
H2 flow rate was to make sure the formation of a fully stirred reaction 
system in the absence of mass transfer limitations. Samples were taken at 
pre-determined time intervals and filtered through 0.45-μm filter 
membranes (ANPEL, China) for analysis. All the reactions were con
ducted in triplicates. 

To examine the influence of reaction pH, catalytic hydrogenation 
reactions were conducted under environment relevant pH in the range of 
6.1–9.0. The reaction pH was adjusted using a 0.1 M NaOH solution. The 
stability of the supported Pd catalyst for MC-LR hydrogenation was 
evaluated by five consecutive cycles. For each cycle, 2 mg catalyst was 
added to 20 mL of 2 mg L− 1 MC-LR solution at pH 6.1. The mixture was 
stirred and bubbled with an N2 flow (100 mL min− 1) for 15 min, and 
then the catalytic hydrogenation was initiated by switching the N2 flow 
to an H2 flow (100 mL min− 1). Samples were collected at a given time 
interval. After the reaction, the used catalyst was collected by filtration, 
washing with deionized water, oven-dried at 105 ◦C, and reduced in H2 
stream at 300 ◦C for the following reaction cycle. 

Catalyst activities were evaluated by the pseudo-first-order rate 
constants (kobs, min− 1), catalyst dosage normalized kobs (k0, L mgcat

− 1 

min− 1), and turnover frequencies (TOF, min− 1). kobs was determined by 
fitting the natural log of MC-LR concentration versus reaction time in the 
initial 5 min. TOF was defined as the conversion of initial MC-LR per min 
normalized by surface-exposed Pd sites of the catalysts. The surface 
exposed Pd sites were obtained according to H2 chemisorption data. 
Catalysts k0 and TOF were determined using the following Equations (2) 
and (3), respectively: 

k0 =
kobs

Wcat
(2)  

TOF =（C0 − Ct）× m
Wcat × MPd × Dcat × t

(3)  

where kobs is pseudo-first-order rate constants (min− 1), Wcat is the 
catalyst dosage (mg L− 1), the C0 is the initial MC-LR concentration 
(mmol L− 1), Ct is the MC-LR concentration at selected reaction time 
(mmol L− 1), m is the molar weight of Pd (106.4 g mol-1), MPd is the 
weight percentage of Pd in catalyst, Dcat is the dispersion of Pd on the 
catalyst, and t is the selected reaction time (min). MPd and Dcat are 
dimensionless. 

2.5. Analytical methods 

The concentrations of MC-LR were determined using high- 
performance liquid chromatography (HPLC, Agilent Technologies, 
USA) equipped with a photo diode array detector and a 4.6 × 150 mm 
Zorbax Eclipse SB-C18 column (Agilent Technologies, USA). The mobile 
phase consisted of 65% methanol and 35% water with 0.05% TFA. The 
injection volume of the sample was 90 μL, and the flow rate was 0.8 mL 
min− 1. The wavelength for UV absorbance detection was 238 nm. 

The analysis of the hydrogenation intermediates and products of MC- 
LR was performed on an HPLC (Agilent 1260 infinity) coupled to a 
quadrupole time-of-flight mass spectrometer (QTOF-MS, Triple TOF 
5600, AB SCIEX). The intermediates and products were first chromato
graphically separated using a C18 column (5 μm, 150 mm × 2.1 mm, 
Agilent Technologies, USA) and then analyzed by scanning from m/z 
100 to 2000 in positive ion mode of electrospray ionization using the 
mass spectrometer. The injection volume was 20 μL. The mobile phase 
solvents were 0.1% formic acid in water and acetonitrile with a flow rate 
of 0.200 mL min− 1. The optimized gradient elution for acetonitrile was 
as follows: 10% for 0–5 min, 35% for 5–10 min, 60% for 10–20 min, and 
80% for 20–25 min, followed by equilibrium for 5 min with 10% 
acetonitrile. 

The toxicity of MC-LR solutions was quantified by the PP2A activity 
assay using a Microcystins PP2A kit (ZEU-Immunotec, Spain) (Kim and 
Lee, 2019). For the assay, the linear range for MC-LR was 0.1–2 ppb. 
Hence, samples were diluted to yield concentrations within this range. 
The relative inhibition of PP2A activity was used to evaluate the toxicity 
of MC-LR as shown in Equation (4): 

%inhibition=
Ac − At

Ac
× 100% (4)  

where Ac and At refer to the absorbances of a PP2A control treatment 
and of samples containing MC-LR after t minutes of treatment, 
respectively. 

3. Results and discussion 

3.1. Catalyst characterization 

We prepared a series of supported Pd catalysts with different Pd 
loadings and supports (i.e., TiO2, Al2O3, and SiO2, Table 1). The Pd 
particle size and the dispersion on different catalysts were first examined 
using the H2 chemisorption method (Aramendia et al., 1996). For 
Pd/TiO2, the Pd particle size increased from 1.9 nm to 2.7 nm as the Pd 
content increased from 0.07 wt% to 0.23 wt%, while Pd dispersion 
decreased from 52% to 39%. The STEM-HAADF analysis further 
confirmed the increase of Pd particle size with increasing Pd content. 
The micrographs and histograms of the Pd particle size distribution on 
Pd/TiO2 are presented in Fig. S2. The average Pd particle sizes of Pd 
(0.16)/TiO2 and Pd(0.23)/TiO2 were 2.5 and 3.0 nm, respectively 
(Table 1, details can be found in Calculation S1). STEM-HAADF cannot 
accurately determine the average Pd particle size of Pd(0.07)/TiO2 as 
sparse Pd particles were found in the micrographs. The reduced 
dispersion of Pd with increasing Pd content was attributed to the 
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aggregation of Pd particles on the catalysts during the calcination pro
cess (Kawawaki et al., 2021; Louis et al., 1993). XRD patterns of Pd/TiO2 
and TiO2 support had clear diffraction peaks at 25.4◦, 27.5◦, 37.9◦, 
48.7◦, 54.0◦, 55.2◦, and 62.8◦, corresponding to the anatase and rutile 
phase of TiO2 (Fig. S3). No diffraction peak of Pd or PdO was found in 
the spectra, likely due to the small particle sizes and low Pd contents (Li 
et al., 2017; Sun et al., 2017). The Pd particle sizes of Pd(0.09)/Al2O3, Pd 
(0.07)/TiO2, and Pd(0.04)/SiO2 were calculated to be 1.8, 1.9 and 1.7 
nm, respectively, based on the H2 chemisorption method. The dispersion 
of Pd was on the order of Pd(0.04)/SiO2 > Pd(0.09)/Al2O3 > Pd 
(0.07)/TiO2. 

Pd speciation on the catalysts and Pd powder was examined by XPS 
measurements in the Pd 3d region (Fig. 1, Fig. S4). Since the average size 
of Pd particles was smaller than 3.0 nm as suggested by the TEM data, 
the photoelectrons of XPS were expected to penetrate the whole Pd 
particles (Vickerman and Gilmore, 2009). The spectra of Pd on the 
catalysts can be deconvoluted into two doublets assigning to the metallic 
Pd (Pd0) and cationic Pd (Pdδ+), respectively (Table 1) (Datye et al., 
2000). The binding energy of Pd0 (335.4 eV) on the catalysts was 
identical to those reported values for supported Pd catalysts (Brun et al., 
1999; Datye et al., 2000), which were slightly higher than that of bulk Pd 
powder (335.1 eV) (Fig. 1). This was caused by the photoionization 
phenomenon for small Pd particles on the catalysts (Takasu et al., 1978). 
Since all the catalysts were pre-reduced with H2 to remove oxidized Pd 
before XPS analysis, the presence of Pdδ+ species was most likely 
attributed to the electron transfer from Pd to the catalyst support facil
itated by the strong metal-support interactions (Herrmann et al., 1987; 
Tauster et al., 1981). For Pd(0.04)/SiO2, most Pd existed in the metallic 
state as evident by the low Pdδ+/Pd0 ratio of 0.2. A higher Pdδ+/Pd0 

ratio was found for Pd supported on Al2O3 and TiO2. The Pdδ+/Pd0 ratios 
of Pd(0.09)/Al2O3 and Pd(0.07)/TiO2 were 0.5 and 1.7, respectively. 
The higher Pdδ+/Pd0 ratio of Pd(0.07)/TiO2 indicates a stronger inter
action between Pd and TiO2 than Al2O3 and SiO2, consistent with the 
literatures (Chang et al., 1985, Tauster and Fung, 1978). The strong 
metal-support interaction between Pd and TiO2 was supported by the 
gradual cationization of Pd (i.e., Pdδ+/Pd0 increased from 0.2 to 1.7) as 
Pd contents decreased from 0.23 wt% to 0.07 wt%. This was because 
lower Pd content led to decreased average Pd particle size, which 
enhanced the metal-support interaction (Haller and Resasco, 1989). 

3.2. Catalytic hydrogenation on Pd/TiO2 is a highly effective approach 
for MC-LR removal 

Catalytic hydrogenation kinetics of MC-LR on Pd/TiO2 was exam
ined to evaluate the performance of catalysts (Fig. 2). Pd/TiO2 was 
chosen as it has the highest performance among catalysts with different 
supports (see detailed discussion in section 3.4). Control experiments 
showed that H2 could not reduce MC-LR without catalysts. MC-LR 
completely disappeared within 5 min at ambient conditions in the 
presence of Pd(1.0)/TiO2 under H2 flow, indicating extremely fast cat
alytic elimination of MC-LR. The MC-LR removal pattern can be well- 
fitted by the pseudo-first-order kinetic model. The catalyst dosage 
normalized rate constant (k0) was calculated to be 1.3 × 10− 2 L⋅mgcat 
− 1⋅min− 1 (Fig. S5). A detailed comparison of rate constants between 
catalytic hydrogenation and other catalytic processes for MC-LR 
removal was summarized in Table S1. Catalytic hydrogenation with 
Pd(1.0)/TiO2 is much faster than previously reported catalytic treat
ment methods. For example, the k0 of Pd(1.0)/TiO2 was 3–4 orders of 
magnitude faster than those of nZVI (1.0 × 10− 6 L mgcat 

− 1 min− 1) and 
Fe/Pd (1.48 × 10− 5 L mgcat 

− 1 min− 1) (Gao et al., 2016). Compared to 
the catalytic wet peroxide oxidation approach (k0 = 1.1 × 10− 4 L mgcat 
− 1 min− 1), catalytic hydrogenation also had a superior activity with two 
orders of magnitude faster k0 (Munoz et al., 2019). These rate compar
isons clearly show that the catalytic hydrogenation of MC-LR on 
Pd/TiO2 is a highly effective and rapid approach for removing MC-LR in 
water. 

For heterogeneous catalysis, the mass transfer of reactants to catalyst 
surfaces may limit the reaction rate when reaction kinetics is extremely 
fast (Singh and Vannice, 2001). To exclude the potential mass transfer 
limitations and further investigate the intrinsic activity of catalysts, we 
used catalysts with low Pd contents (0.04 wt% to 0.23 wt%) in the rest of 
this work. The influence of catalyst dosage on the catalytic hydrogena
tion kinetics of MC-LR on Pd(0.07)/TiO2 was investigated (Fig. S6). It 
was found that the catalytic activity normalized by the catalyst dosage 
remained constant, suggesting the absence of mass transfer limitation on 
Pd(0.07)/TiO2. 

3.3. Hydrogenation products and reaction pathway 

Solution samples were collected after the catalytic hydrogenation of 
MC-LR on Pd(0.07)/TiO2 and analyzed using LC-MS to identify the re
action products. The analytical results are summarized in Fig. 3, Fig. S7, 

Table 1 
Structural properties of Pd particles and the catalytic performance of the supported Pd catalysts.  

Catalysts Pd content a Pd size b Pd size c Pd dispersion c Pdδ+/Pd0 d k0 
e,f TOF e,f  

(wt.%) (nm) (nm) (%)  (L mgcat
− 1 min− 1) (min− 1) 

Pd (0.07)/TiO2 0.07 – 1.9 52 1.7 3.7 × 10− 3 1.26 
Pd (0.16)/TiO2 0.16 2.5 2.2 46 0.4 7.2 × 10− 3 0.96 
Pd (0.23)/TiO2 0.23 3.0 2.7 39 0.2 6.0 × 10− 3 0.78 
Pd (0.09)/Al2O3 0.09 – 1.8 59 0.5 2.8 × 10− 4 0.12 
Pd (0.04)/SiO2 0.04 – 1.7 62 0.2 – –                          

a Determined by ICP-AES. 
b Measured by TEM. 
c Calculated based on H2 chemisorption. 
d Determined by XPS. 
e The calculation of k0 and TOF were given in the section of Materials and Methods. 
f Reaction conditions: pH = 6.1, MC-LR concentration: 2 mg L− 1, catalyst dosage: 0.1 g L− 1. 
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and Table S2. The peak at m/z of 995.6 was assigned to MC-LR mole
cules. Only three reaction products with m/z of 997.6, 999.6, and 1001.6 
were found in the mass spectra. There were no significant peaks with m/ 
z lower than 995.6 (i.e., MC-LR), indicating that the structure of MC-LR 
did not break down during the hydrogenation treatment. The concen
trations of the reaction products could not be determined due to the lack 
of reference compounds. The evolution of mass spectrum peak areas of 
MC-LR and the reaction products was used to analyze the products and 
the hydrogenation pathway (Fig. 3b). The peak area of MC-LR (m/z 
995.6) gradually decreased over time. The peak area of the product 1 
(m/z of 997.6) exhibited a non-monotonic trend. It appeared 

immediately after the initiation of the reaction, increased at the begin
ning of the reaction, and decreased afterward. It was an intermediate for 
the overall reaction. The peak area of the product 2 (m/z of 999.6) 
appeared slightly after the generation of the product 1 and also had a 
volcano-like trend. It was another intermediate that was likely formed 
by reactions involving the product 1. The peak area of the product 3 (m/ 
z of 1001.6) increased monotonically, indicating that it was the final 
product of the reaction. It had a brief lag time at the beginning of the 
reaction. 

The mass differences between MC-LR and the three products were 2, 
4, and 6 Da, respectively, corresponding to the addition of one, two, and 
three H2 to the MC-LR molecule. We propose a sequential hydrogenation 
mechanism for the reactions of MC-LR on Pd-based catalysts (Fig. 3a). 
Pd is very active for the hydrogenation of C––C bonds due to its favor
able adsorption mode for C––C bonds via planer di-σ form, whereas 
almost inert for the hydrogenation of aromatic ring and C––O (Delbecq 
and Sautet, 1995; Schwartz et al., 2016). MC-LR molecules contain three 
C––C bonds, including a C––C bond at the Mdha moiety and a conjugated 
double bond at the Adda moiety. The heat of hydrogenation of the first 
double bond of the conjugated system was lower than that of the C––C 
bond of mono-olefin, suggesting that the mono C––C bond is more easily 
hydrogenated than those in the conjugated system (Kistiakowsky et al., 
1936). The hydrogenation pathway is proposed and shown in Fig. 3a. 
First, MC-LR was hydrogenated at the C––C bond of the Mdha moiety to 
form an intermediate with m/z of 997.6 (product 1). Then, the inter
mediate was successively hydrogenated at the C––C bonds of the con
jugated double bond of Adda moiety to generate the second 
intermediate (product 2) and subsequently the final product (product 3) 
with m/z of 999.6 and 1001.6, respectively. 

3.4. Influence of catalyst support on catalyst performance 

We examined three catalyst supports (i.e., Al2O3, SiO2, and TiO2) to 
investigate the influence of catalyst supports on the catalyst perfor
mance (Fig. 4). For Pd(0.04)/SiO2, little MC-LR was removed in 30 min. 
Pd(0.09)/Al2O3 exhibited significant catalytic activity for MC-LR hy
drogenation with 56% MC-LR removed in 30 min. Pd(0.07)/TiO2 had 
the best performance with the complete removal of MC-LR within 30 
min. Considering that these catalysts had similar Pd particle sizes 
(Table 1), their differed activities were related to the surface adsorption 

Fig. 1. XPS spectra of (a) Pd supported on different supports and (b) Pd/TiO2 
with different Pd contents in the Pd 3d region. The table summarized the 
binding energy of Pd in 3d5/2 region for different materials. 

Fig. 2. Catalytic hydrogenation of MC-LR on Pd(1.0)/TiO2, control experi
ments for MC-LR reaction under H2 flow (100 mL min− 1) without catalyst and 
in the presence of Pd(1.0)/TiO2 with H2 flow replaced by a N2 flow (100 mL 
min− 1). Reaction conditions: reaction pH: 6.1, catalyst dosage: 0.1 g L− 1, initial 
MC-LR concentration: 2 mg L− 1. Error bars represent ± one standard deviation 
from the mean of triplicate reaction. 
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and the speciation of Pd. The adsorption of reactant to catalyst surface is 
a prerequisite process for the reaction, which is mainly controlled by the 
properties of the support. At a reaction pH of 6.1, MC-LR molecules (pKa 
3.3) were negatively charged (Walker, 2014). The surface of SiO2 was 
negatively charged at pH 6.1 (IEP of 1.34, ζ-potential measurements can 
be found in Fig. S8). Significant electrostatic repulsive interactions 
occurred between SiO2 surface and MC-LR molecules at reaction con
ditions, leading to negligible MC-LR conversion on Pd/SiO2. The IEP of 
TiO2 and Al2O3 were ~6.5 and 8.0, respectively. They were positively 
charged at reaction pH, favoring the adsorption of MC-LR molecules. A 
similar support-dependent phenomenon was reported for the catalytic 
hydrogenation of bromate and chloroacetic acids (Chen et al., 2010; 
Zhou et al., 2013). 

The significance of MC-LR adsorption on its hydrogenation was 
further examined by the influence of initial MC-LR concentrations 
(Fig. S9). Results showed that the reaction k0 increased from 2.2 × 10− 3 

L mgcat 
− 1 min− 1 to 6.4 × 10− 3 L mgcat 

− 1 min− 1 as the initial MC-LR 
concentration increasing from 0.83 mg L− 1 to 3.78 mg L− 1. The data 
were fitted with the Langmuir-Hinshelwood model. A good linear cor
relation (R2 = 0.999) between 1/r0 and 1/c0 was obtained (Calculation 

S2). This suggests that catalytic hydrogenation of MC-LR is controlled by 
the surface adsorption of MC-LR on the catalysts. The important role of 
adsorption also explained the change of catalytic activity with reaction 
pH (Fig. S10). Increasing the reaction pH from 6.1 to 9.0 resulted in a 
decrease of k0 from 3.7 × 10− 3 L mgcat 

− 1 min− 1 to 1.3 × 10− 3 L mgcat 
− 1 

min− 1. This was caused by the reduced adsorption of MC-LR on the TiO2 
surface at high reaction pH. In addition to the surface adsorption, the 
differed Pd speciation on TiO2, Al2O3, and SiO2 supports also contrib
uted to the different catalyst performance as discussed in the following 
section. 

3.5. Cationic Pd plays a key role in the hydrogenation of MC-LR 

The properties of active metal Pd are important factors in deter
mining hydrogenation activity. The catalytic hydrogenation of MC-LR 
on Pd/TiO2 with different Pd contents (Fig. S11). Catalyst TOF values 
were calculated and compared to investigate the intrinsic relationship 
between Pd sites and catalytic activity (Table 1). The TOF values fol
lowed an order of Pd(0.07)/TiO2 (1.26 min− 1) > Pd(0.16)/TiO2 (0.96 
min− 1) > Pd(0.23)/TiO2 (0.78 min− 1), indicating a decreased catalytic 

Fig. 3. (a) Catalytic hydrogenation pathways of MC-LR. (b) The evolution of LC-MS peak areas of MC-LR and the products with reaction time. Reaction conditions: 
catalyst: Pd(0.07)/TiO2, reaction pH: 6.1, catalyst dosage: 0.1 g L− 1, initial MC-LR concentration: 2 mg L− 1. 
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activity of exposed Pd site with increasing Pd content. Based on the H2 
chemisorption and XPS results, Pd/TiO2 with higher Pd content has 
larger and more metallic state Pd particles. In principle, large Pd par
ticles benefit H2 dissociation because of enhanced H2 spillover and high 
active β-PdH species (Amorim and Keane, 2008; Aramendia et al., 
1999). Cationic Pd sites have higher adsorption affinity to C––C bond 
and favorable adsorption interaction with MC-LR (Huang et al., 1998). 
The decreased TOF with increasing Pd contents suggested that MC-LR 
adsorption and activation of C––C bonds on cationic Pd sites play 
more important roles in the catalytic hydrogenation of MC-LR than the 
H2 activation. The vital role of cationic Pd sites also explains the higher 
catalytic activity of Pd(0.07)/TiO2 than that of Pd(0.09)/Al2O3 and Pd 
(0.04)/SiO2, as a higher content of cationic Pd sites found on Pd 
(0.07)/TiO2. 

3.6. Rapid detoxification of MC-LR 

The changes in the toxicity of MC-LR solution during the catalytic 
hydrogenation on Pd(0.07)/TiO2 are presented in Fig. 5a. The relative 
inhibition rate of PP2A activity of MC-LR solution remarkably decreased 
from 100% to 9.2% after 30 min reaction. The decrease of the toxicity 

generally exhibited a positive linear correlation to the decrease of the 
MC-LR concentration (Fig. 5b). This demonstrates that effective detox
ification of MC-LR can be achieved through the catalytic hydrogenation 
process. There was still a 9.2% relative inhibition rate of PP2A activity 
left after the complete reduction of MC-LR. It suggests that specific 
structures of MC-LR other than the three C––C bonds targeted by Pd/ 
TiO2 can also induce toxic effects. Nevertheless, the residual relative 
inhibition rate of PP2A activity after the catalytic hydrogenation was 
much lower than the 23% relative inhibition rate using the solar/chlo
rine treatment method (Zhang et al., 2019). 

3.7. Catalyst stability 

Consecutive catalytic cycles were conducted to test the reusability of 
Pd/TiO2 (Fig. S12). After five cycles, the reaction k0 of Pd(0.07)/TiO2 
decreased from 3.7 × 10− 3 to 1.3 × 10− 3 L mgcat 

− 1 min− 1. Leaching of 
active sites in the reaction was considered one of the main reasons for 
the loss of catalytic activity (Li et al., 2019a, 2019b). The ICP mea
surement showed that about 33% of Pd on the catalyst was lost after 5 
catalytic cycles. 

4. Conclusions 

This study highlights the potential of catalytic hydrogenation using 
supported Pd catalysts as a highly effective strategy for the rapid 
removal and effective detoxification of MC-LR in water at ambient 
conditions. The reaction proceeded in a highly selective manner towards 
catalytic hydrogenation at the C––C bond of the Mdha moiety and 
subsequently the conjugated double bond of the Adda moiety. The rest 
of the MC-LR structure was left intact, resulting in simple and clear re
action pathways. This is drastically different from advanced oxidation 
approaches that often generate a wide range of reaction byproducts, 
resulting in significant residual toxicity. Previously, liquid phase cata
lytic hydrogenation was mainly used to selectively break C-halogen, 
N–N, N–O, and halogen-O bonds. Our results suggest that catalytic hy
drogenation targeting the C––C bonds is a promising strategy for the 
rapid detoxification of MC-LR and other pollutants with toxicity related 
to these moieties. Nevertheless, further research and development need 
to be conducted to improve the catalyst stability. 
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