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Remarkable lignin degradation in paper
wastewaters over Fe,Oz/v-Al,O3 catalysts using the
catalytic wet peroxide oxidation methodf

Di Wu,? Zhen Hu,® Xugi Zhang,? Cuiran Zhang,? Kai Sun® and Shuxiang Lu (& *?

Heterogeneous catalytic wet peroxide oxidation (CWPO) has been found to be one of the most effective
approaches for the degradation of toxic and paper factory wastewater. Fe,Oz/y-Al,O3z catalysts were
prepared by an impregnation method and characterized by X-ray diffraction (XRD), temperature-
programmed desorption (TPD), transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). The catalytic activity of Fe,Oz/y-Al,O3 for the CWPO of lignin was assessed. The
effects of initial solution pH, catalyst dosage, initial concentration of hydrogen peroxide, reaction
temperature and initial concentration of lignin on the reactivity of the system were investigated. Higher
lignin degradation can be achieved under not only under acidic but also neutral and slightly alkaline
conditions. Under initial conditions of pH = 9, T = 348 K, 6 g L™* catalyst, 6.396 mM hydrogen peroxide
and 100 mg L7t lignin, 87% lignin degradation and 86% total organic content (TOC) removal were
achieved in 60 min. The negligible amount of leaching Fe ions found in solution was measured by
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1. Introduction

Recently, environmental problems have attracted much atten-
tion, and many stringent regulations have been published to
restrict harmful industry effluents at a low level. The paper
manufacturing process produces much wastewater, which
incorporates quantities of lignin, a phenolic derivative with
high colority and total organic content (TOC).** Lignin is an
irregular tri-dimensional polymer composed of aromatic/
phenolic units and is resistant to microbial attack®*, although
some methods for the degradation of lignin have previously
been reported.® After secondary treatment using a conventional
microbial method, most TOC is removed; however, stubborn
paper factory lignin and its derivatives still remain, resulting in
severe environmental pollution.*” In recent years, advanced
oxidation processes (AOPs)® with Fenton's reagent (Fe**/Fe®*/
H,0,) as an oxidatant® have been used for the degradation of
a great variety of organic compounds.'® However, homogenous
Fenton systems have some well-known drawbacks, including
limited pH range, catalyst deactivation and the production of
iron-containing sludge that requires further disposal."* Many
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inductively coupling plasma-atomic emission spectra (ICP-AES).

researchers have recently reported on the use of heterogeneous
catalysts containing hydrogen, including the heterogeneous
catalytic wet peroxide oxidation (CWPO) process, as an alter-
native. Heterogeneous catalytic oxidation systems provide easy
separation and recovery of the catalyst from the treated waste-
water and avoid the drawbacks of the Fenton's reagent,
primarily difficulties in recycling. Many materials predomi-
nantly containing iron as the precursor, and supported or
intercalated on or in oxides, clays, zeolite and polymers, have
been proposed for the removal of various organic compounds,
such as phenols,”»* dyes,'** 2-chlorophenol,*® atrazine,"”
methyl ¢-butyl ether (MTBE)" and hydrogen peroxide. No papers
have been published in respect of the catalytic oxidation of
high-molecular lignin obtained from the Kraft digestion of
wheat straw in such heterogeneous catalytic oxidation systems.
The main objective of this research was to evaluate the catalytic
activity of Fe,05/v-Al,O; catalysts for the CWPO of lignin in an
aqueous solution. The influencing factors, such as temperature,
catalyst dosage, H,O, concentration and pH of the solution,
were investigated. The reactivity of this process was monitored
in terms of lignin degradation and TOC removal.

2. Experimental

2.1. Materials

v-Al,O; (296.8 m> g ') was purchased from Tianjin Chemical
Research and Design Institute, China. Sulfuric acid was used in
the lignin precipitation, and then the precipitate was washed
with deionized water and dried at room temperature.® Lignin
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aqueous solutions were prepared by dissolving the obtained
lignin in 0.05 M NaOH solution. 30 wt% hydrogen peroxide
aqueous solutions were used as an oxidant.

2.2. Catalyst preparation

Fe,05/v-Al,0; catalysts were prepared by the impregnation
method with Fe(NO3), as the precursor and y-Al,O; as the
carrier. The mean diameter of the alumina particle was in the
range 124-150 um. Alumina was impregnated with the Fe(NO3),
solution via the wet procedure for 12 h under room conditions.
Next, the particles were dried at 353 K for 10 h, and then
calcined in a furnace at 673 K for 4 h to obtain Fe,03/v-Al,O5
catalyst containing 15 wt% Fe component.

2.3. Characterization of the catalyst

Characterization of the samples was performed using various
techniques. X-ray powder diffraction (XRD) data were acquired
on a Bruker AXS D8-Focus diffractometer using Cu-Ko radia-
tion. The data were collected in a 26 range of 10° to 80° with
a scanning speed of 4° min~'. The morphology and micro-
structure were examined on Transmission 100 Electron Micro-
scope (TEM) operating at 200 kV coupled with energy-dispersive
X-ray spectroscopy (EDS), and scanning electron microscopy
(SEM) was performed using a Hitachi Limited US-1510 system.
The acidity of the catalyst samples was measured in the
temperature range 323-823 K by measuring the temperature-
programmed desorption of ammonia (NH;-TPD).

2.4. Procedures and analysis

For the catalytic oxidation of lignin, a defined concentration of
simulated lignin wastewater was poured into a 500 mL three-
necked round-bottomed glass reactor which was equipped with
continuous mechanical stirring for each test. In each trial, 250
mL lignin solution was added to the reactor. During the reaction
process, 5 mL samples were taken out for analysis every 15 min.
The samples were centrifuged to remove the solids. Lignin
concentration was determined using an ultraviolet (UV)/visible
(Vis) spectrophotometer (Shanghai Spectrum, SP-2102UV)
(Fig. S11). Hydrogen peroxide conversion was determined by
iodometric titration. A Beer-Lambert law was established to
correlate the absorbency at 280 nm to lignin concentration.*®
TOC was determined using a Sievers Innovox Laboratory TOC
analyzer (General Electric Analytical Instruments).

The degradation of lignin was determined in terms of the
change in concentration of lignin and the reduction in TOC.
The percentage degradation was calculated as follows (eqn (1)):

Degradation ratio (%) = (Cy — C)/Cy x 100 )]

where C, = initial concentration of lignin in solution, C =
concentration of lignin after degradation.
TOC removal was calculated as follows (eqn (2)):

TOC removal (%) = (TOC, — TOC)/TOC, x 100 2)
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where TOC, = initial TOC of lignin solution, TOC = TOC of
lignin solution after degradation. The concentration of total
iron dissolved in the solution was measured by inductively
coupling plasma-atomic emission spectra (ICP-AES) (Perki-
nElmer 5300DV).

The effect of different Fe,O3 loadings (10%, 15%, 20%), initial
pH value (pH 3-11), H,0, concentration (0.799 mmol L™},
1.599 mmol L™, 6.396 mmol L', 9.594 mmol L"), catalyst
dosage/catalyst loading (10-60 mg) and initial lignin concentra-
tion (25-100 mg L") on the catalytic degradation reaction were
investigated.

3. Results and discussion

3.1. Catalyst characterization

The crystallographic structures of the y-Al,O; support and Fe,O3/
v-Al,O; catalyst samples were investigated by XRD patterns. Two
typical diffraction peaks corresponding to y-Al,O; are observed in
Fig. 1. Both of the XRD patterns show diffraction peaks at 26 values
of 37.54°, 45.67° and 66.60°, which were indexed to the diffraction
peaks corresponding to the (311), (400) and (440) crystal planes,
respectively, matching well with the standard phase of the y-Al,03
support. For the Fe,Ozloaded y-AlL,O; catalyst, four strong
diffraction peaks at 26 values of 33.28°, 35.74°, 49.50° and 54.23°
were indexed to the (104), (110), (024) and (116) crystal planes,
respectively. The structure of the y-Al,O; support remained intact
after the modification treatment, whereas a decrease in the
intensity of the y-Al,O; diffraction peaks was observed compared
with the y-Al,O; support, which could result from the higher X-ray
absorption coefficient of the iron compounds.

The morphology and structure of the synthesized materials
were investigated using an SEM micrograph. Fig. 2 shows the
SEM images of the y-AlL,O; and Fe,O3/y-Al,O; catalyst. The
micrograph of y-Al,O; exhibits a spherical shape ascribed to the
v-Al,O5 support. As can be seen in Fig. 2(b-1) and (b-2), Fe,05
particles were loaded on the surface of y-Al,0;. Moreover, the
sphericity, which is compared with that of y-Al,0O;, hardly
changes. In addition, the SEM images indicate that crystalline
Fe,0; was uniformly dispersed on the y-Al,O; support. The SEM
images are consistent with the results of the XRD analysis.
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Fig.1 XRD patterns of the catalysts.
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Fig. 2 SEM of image of catalysts: (a) y-Al,Os. (b) Fe,Oz/y-ALOs.

Fig. 3 shows the micrographs obtained by TEM for the Fe,O3/
v-Al,O; catalyst. From the HR-TEM image (Fig. 3(a)), the lattice
fringes of Fe,05/v-Al,O; were clear. The d-spacing of 0.25 nm is
attributed to the o-Fe,O; (110) crystallite plane,* and the d-
spacing of 0.27 nm corresponds to the a-Fe,O; (104) crystallite
plane.** These observations from HR-TEM were consistent with
the results of the XRD analysis. The TEM image (Fig. 3(b))
indicated that Fe,O;/y-Al,O; exhibited a certain degree of
agglomeration. In addition, the EDS confirmed the existence of

Fig. 3 (a) HR-TEM image of Fe,Oz/y-ALOs3. (b) TEM image of Fe,O3/
‘Y-Ale3. (c) EDS of Fezo3/‘{—Alzo3.
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Fe and Al, and the results provide evidence of the presence of Cu
(Fig. 3(c)).

The NH,;-TPD profiles are displayed in Fig. 4. In general, the
overall NH;-desorption peak area decreases with increasing
Fe,0; loading. This is mainly due to the fact that Fe,O; can
cover some of the acid sites on the support surface. However, in
comparison with the Al,O; support, the peak which was
attributed to the weak acid site is moving in the direction of
higher temperature for the Fe,03/Al,0; catalyst. The weak acid
sites continue increasing with the addition of 10, 15 and
20% wt% Fe,O;. When the loading reaches 15 wt%, the
desorption peak area corresponding to the weak acid center is
largest. Moreover, the peak which was attributed to the weak
acid site is moving in the direction of higher temperature. In
comparison with other catalysts, when the load is up to 15 wt%,
the total acid amount and the acidic strength are highest.
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Fig. 4 NHz-TPD patterns of bare Al,Os and Fe,Oz/Al,O3 catalysts.
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Therefore, it is clear that the loading of Fe,O; not only reduces
the surface area of the Al,O; support, but also modifies the
surface acid properties, since Fe,O; interacts differently with
the acid sites with different strengths. The modification of Al,O;
acidity is due to the covalent bond formation between the ~-OH
surface group and the Fe-intermediate during preparation.
Therefore, the introduction of the metal/metal oxides results in
modulating the surface acidity.

3.2. Lignin oxidation test

3.2.1. Effects of load. In order to investigate the effect of
loading, experiments were carried out by varying the loading
dosages from 10 wt% to 20 wt% for a lignin solution of 100 mg L ™"
at pH = 9. As shown in Fig. 5(a), the degradation rates increase
with increasing loading dosage from 10 wt% to 15 wt%, and the
degradation reaches a maximum when the loading increases up to
15 wt%. The degradation rates begin decreasing when the loading
dosage exceeds 15 wt%. It can be concluded that the activity of the
catalyst is highest when the loading is up to 15 wt%. Moreover, as
illustrated in the results of the NH;-TPD analysis, the surface
acidic strength is strongest when the loading is up to 15 wt%. In
conclusion, the results are consistent with the results of the
NH;-TPD analysis. Likewise, for the CWPO of the lignin, the
activity of the catalyst becomes higher and higher with reinforcing
of the surface acidity. In conclusion, when the loading is 15 wt%,
the lignin degradation rate (80%) is highest within the 60 min
reaction time.

3.2.2. Effects of reaction system pH. Wastewater pH is
a very important factor in the degradation of the organic
contaminants in AOP systems. It is well known that the most
effective pH range for the Fenton reaction is pH = 2-4.
Makhotkina et al.” also found that 25% lignin degradation was
reached under acidic conditions (pH = 3-4) in a heterogeneous
CWPO of lignin solutions using the FeZSM-5 catalyst. In slightly
alkaline solutions, lignin degradation was only about 10% at pH
= 9.0, and no lignin oxidation was observed at pH = 10.0. The
authors proposed that H,0, decomposes on zeolite iron sites
without formation of ‘OH radicals in strong alkaline medium.
In order to investigate the effects of pH on the lignin degrada-
tion in the presence of an Fe,O;/y-Al,O; catalyst (4 g L),
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several CWPO experiments were conducted on a lignin solution
of 100 mg L™" at an initial solution pH range of 3-11. The
results are shown in Fig. 5(b). As can be seen, the degradation of
lignin is maximal at pH = 3 and 90% lignin is degraded in
60 min. The lignin degradation rates are in the range 70-73% at
the different initial pHs, except for pH = 11, where the degra-
dation rate is little lower. Therefore, this catalyst can also
degrade lignin effectively from neutral up to slightly alkaline
environments.

3.2.3. Effects of H,O, concentration. The concentration of
H,0, plays a very important role in the generation of ‘OH radi-
cals. The degradation rate for organic contaminants increases
with hydrogen peroxide concentration until a critical concentra-
tion is reached.” Above this critical concentration, the degrada-
tion rate for organic compounds decreases as result of
a scavenging effect, according to the reaction shown in eqn (3):

HzOz + ‘'OH — HOz. + Hzo (3)

Generally, HO, " radicals are less active than "OH radicals and
do not play any important role in the degradation of organic
compounds compared with "OH radicals. Fig. 6(a) shows that
lignin degradation rates increase with H,O, concentration from
0.799 mM to 6.396 mM, then decrease with further increases in
H,0, concentration. This means the critical concentration of
H,0, is 6.396 mM for the degradation of 100 mg L' lignin
solution in the presence of Fe,03/v-Al,O; catalyst.

The effective utilization (i.e., the useful fraction of H,0, that
contributes to degrade organic contaminates) is a key factor in
the cost of the CWPO process.* For this reason, high degrada-
tion of organic contaminates with as little H,O, as possible is
preferred. The selectivity of H,O, is given by eqn (4):

theoretical consumption of H,0,
real consumption of H,0,

Selectivity = (4)

The theoretical H,0, consumption needed for the removal of
obtained TOC conversion can be estimated'” according to the
following reaction (eqn (5)):

C+ 2H202 i C02 + 2H20 [5)
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Fig.5 (a) Effects of loading on the degradation of lignin (catalyst dosage = 6 g L™%; concentration of H,O, = 6.396 mM; concentration of lignin,
100 mg L™ pH = 9; T = 348 K). (b) Effect of initial pH on the degradation of lignin (catalyst dosage = 6 g L™*; concentration of H,O, = 6.396 mM;

concentration of lignin = 100 mg L™ T = 348 K).
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Fig. 6 (a) Effect of oxidant concentration on degradation of lignin (catalyst dosage 6 g L™%; concentration of lignin 100 mg L™%; pH = 9;
T = 348 K). (b) Conversion of H,O, on the degradation of lignin (catalyst dosage 6 g L™%; concentration of lignin 100 mg L™} pH = 9; T = 348 K).

Selectivity was used to measure the effective utilization of
H,0,. The selectivity is always below 100%, which means that
there is some hydrogen peroxide decomposition useless to
oxygen. Fig. 6(b) shows conversion of different concentrations
of H,0, on the process degradation of lignin. The conversion of
H,0, is almost complete in 15 min, and conversion decreases
with increasing hydrogen peroxide concentration. The highest
selectivity of H,O, achieves 87% in 60 min with 6.396 mol L 'of
initial H,O, concentration. This shows that higher initial H,O,
concentrations may not benefit degradation of organic
contaminates and also increase the economic cost.

3.2.4. Effects of catalyst dosage. In order to investigate the
effect of catalyst dosage, experiments were carried out by
varying the catalyst dosage from 4 g L' to 7 g L™ " for a lignin
solution of 100 mg L' at pH = 9. As shown in Fig. 7(a), degra-
dation increases with increasing catalyst dosage from 4 g L™ " to
6 g L', reaching a maximum when the catalyst loading increases
up to 6 g L. The blank test shows that the catalyst has a slight
adsorption (Fig. S21). The degradation rates begin decreasing
when the catalyst dosage exceeds 6 g L™ *. This can be explained
by the increase in total active surface area with catalyst dosage;
hence an increase in total active sites on the catalyst surface,

where 'OH radicals are formed.** The degradation rate increases
with increasing number of active sites because heterogeneous
CWPO is a surface reaction. Lin et al.** and Valentine et al.*®
proposed that the decomposition rates of H,0, by iron oxide
was proportional to the concentration of catalyst and H,0,.
However, the degradation rate decreases when the catalyst
dosage exceeds the optimum loading. This phenomenon shows
that the decomposition rate of H,0, does not equal the gener-
ation rate of 'OH radical because H,0, can decompose to water
and oxygen on the catalyst surface.”® Huang et al.*® also found
that catalytic activity for hydrogen peroxide decomposition
followed the sequence: granular ferrihydrite > goethite >
hematite. However, hematite exhibited the highest activity in
catalyzing 2-chlorophenol oxidation. In addition, the part of
catalyst could act as an "OH radical scavenger when the catalyst
dosage exceeds the optimum loading.

3.2.5. Effects of lignin concentrations. Fig. 7(b) illustrates
the effect of initial lignin concentration on its degradation.
Above 95% lignin degradation was achieved in 15 min with
lower lignin concentration (25 mg L™ and 50 mg L), whereas
it took 1 h to reach 87% lignin degradation with an initial
concentration of lignin of 100 mg L~'. This suggests that
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Fig.7 (a) Effect of catalyst dosage on the degradation of lignin (concentration of lignin 100 mg L™; concentration of H,O, 6.396 mM; pH =9, T
= 348 K). (b) Effect of initial lignin concentration on degradation of lignin (catalyst dosage 6 g L=%; concentration of H,O, 6.396 mM: pH =9; T =

348 K).
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effective lignin degradation could be obtained with lower lignin
concentration. The increase in initial lignin concentration leads
higher system activity (for example, for a reaction time of 15 min,
lignin concentration decreases of 77 mg L' and 9.7 mg L™,
respectively, were observed for the highest and lowest initial
lignin concentration solution).

3.2.6. TOC removal and lignin degradation under opti-
mized conditions. It is well known that the AOP of lignin is
a very complex process consisting of a number of parallel and
series reactions and involving many types of intermediates and
final products. These comprise vanillin, coniferyl alcohol,
highly oxidized phenols (like syringaldehyde, vanillic acid and
palmitic acid®). TOC removal reflects the extent of degradation
of organic contaminants. The percentage TOC removal was
investigated for 100 mg L™ lignin solution under optimized
conditions (catalyst dosage = 6 g L '; concentration of H,O, =
6.396 mM; pH = 9; T = 348 K) as a function of reaction time.
The comparison between lignin degradation and TOC removal
as a function of reaction time is shown in Fig. 8(a). The TOC
removal is slower than the lignin degradation rate because more
hydroxyl radicals were produced gradually to oxidize organics in
the process of lignin degradation.>”>*

3.3. Influence of Fe,O; leached out from the catalysts

The biggest problem with this process is Fe,0; leached out from
the catalysts into solution during heterogeneous CWPO
processes.” We measured the concentration of dissolved Fe in
the solution after a 2 h catalytic reaction using the ICP method.
The maximum concentration of Fe ions was 0.085 mg L™ " in the
solution at various pHs. It is known that the leaching of metal
from heterogeneous catalysts depends on the pH; when the pH
is above 5, the leaching metal concentration in the solution is
negligible.*®*** Since leaching of the Fe ion could play an
important role in the CWPO of lignin, further catalytic studies
were carried out. The activity of FeSO, as a homogenous catalyst
was compared with that of the Fe,O;/y-Al,O; heterogeneous
catalyst for the catalytic oxidation of lignin under same reaction
conditions. The concentration of the Fe ion in the solution was
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Fig. 9 Possible mechanism for lignin degradation over Fe,O3/Al,0%
catalyst.

0.085 mg L', which was equivalent to the concentration of the
leaching Fe ion from Fe,O3/y-Al,O;. It can be observed from
Fig. 8(b) that only 0.8% lignin degradation is achieved in 1 h,
whereas 87% lignin degradation is reached in the presence of
Fe,03/v-Al,O3. A comparison of these two experiments shows
that the homogeneous catalytic reaction formed by leaching of
the Fe ion from Fe,0;/y-Al,O; has a negligible effect as
compared with the heterogeneous catalytic process. This also
proves that the oxidation of lignin took place on the catalyst
surface via a heterogeneous mechanism.

3.4. Mechanism of reaction system

The mechanism of the heterogeneous Fenton-like system has
previously been described,*** but not the oxidation of lignin. In
this mechanism (Fig. 9), ‘OH radicals may be formed in situ on
the active sites of the catalyst rather than generating ‘OH
radicals in the solution. In addition, the enhanced surface
acidity of the catalyst can promote the degradation of lignin in
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Fig. 8 (a) Comparison between lignin degradation and TOC removal of lignin (catalyst dosage = 6 g L™*; concentration of H,O, = 6.396 mM:
pH=9; T =348 K). (b) Influence of the iron ions leaching on the degradation of lignin (concentration of H,O, = 6.396 mM; pH = 9; T = 348 K).
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Fig. 10 UV-vis of Fe,03/Al,03 catalyst (a) fresh (b) after reaction.

a slightly alkaline environment. Combined with the NH;-TPD
analysis, the following reason may be offered for this
phenomenon. Because of the surface acidity of the catalyst,
which for the alkali lignin solution is adsorbed on the catalyst
surface providing an acidic environment, lignin can be
degraded under acidic conditions. Further, almost the same
degradation rate is achieved whether it is acidic or slightly
alkaline lignin wastewater. Therefore, it can be concluded that
for Fe,03/v-Al, O3, the acid-base property of the solution can not
affect the activity. Without pH-range limitation, Fe,03/v-Al,03
is a promising catalyst for catalytic oxidation pulp and paper
effluents, because almost all initial effluents are in slightly
alkaline conditions.

We tested fresh catalyst and catalyst after being subjected to
UV-vis, and showed that an extra Fe(u) ion emerges in addition
to the Fe(m) ion. This further confirms the conversion between
Fe(u) and Fe(m) ions. This further proves the mechanism shown
in Fig. 10, and shows that Fe,0,/y-Al,O; catalysts can also
degrade lignin effectively from neutral up to slightly alkaline
environments (pH range 3-11) because of the presence of a few
hydrogen ions.

4. Conclusion

Fe,0;/v-Al,O; was prepared and used as the catalyst in the
heterogeneous CWPO of lignin under mild conditions (at
atmospheric pressure and a temperature of 348 K). From the
results of catalyst characterization, crystalline hematite (o-
Fe,03) particles have been formed on the surface of y-Al,O; with
better dispersion. In addition, from the NH;-TPD covers, when
the loading is up to 15 wt%, the total acid amount and acidic
strength are highest. There are critical concentrations of cata-
lyst dosage and initial concentration of H,O, for the degrada-
tion of lignin in this system. Above this critical concentration,
the degradation of lignin will decrease due to a scavenging
effect. Fe,03/v-Al,O; has shown better catalytic activity for the
CWPO of lignin in a wider pH range (from pH = 3 to pH = 11),
suggesting that this is a promising catalyst for the catalytic
oxidation of wastewater containing toxic and paper factory
organic compounds in neutral and alkaline environments.

This journal is © The Royal Society of Chemistry 2017
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