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Detoxification of Lignocellulosic Hydrolysates by
in situ Formation of Fe(0) Nanoparticles on Activated
Carbon
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The breakdown of lignocellulosic biomass into fine chemicals is an
essential subsequence process of bioconversion technology. However,
the manner of decomposition can contribute significantly to inefficiency of
the overall conversion. Certain low molecular weight byproducts of the
lignin and hemicellulose within lignocellulosic hydrolysate are toxic,
making it necessary to carry out a complicated detoxification process. In
this study, detoxification of hydrolysate was performed by the adsorption
and catalytic oxidation, as well as the integration of both techniques on the
targeted compounds of acid-soluble lignin (ASL) and synthetic furfural. In
spite of the high selectivity of its adsorption and catalytic oxidation, by
relying on just these techniques, the hydrolysate was unable to completely
remove ASL and furfural. However, by depositing Fe(0) nanoparticles on
the surface active sites of the adsorbent, the integration of the adsorption-
oxidation technique provided sufficient performance in the removal of ASL
and furfural.
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INTRODUCTION

The bioconversion of agricultural waste has the potential to replace the majority of
non-renewable resources and their products, particularly those of petroleum-based derived
chemicals (Chaturvedi and Verma 2013). There are several stages in the bioconversion of
lignocelluloses, namely pretreatment, hydrolysis, and fermentation (Chin et al. 2013). The
breakdown of cellulose and hemicellulose into simple sugars constitutes the most essential
stage in bioconversion (Qureshi and Manderson 1995; Chin et al. 2016; Sambusiti et al.
2016). However, in the subsequent stages, the presence of lignin and hemicellulose
derivatives (such as furfural, hydroxymethylfurfural, acetic acid, phenolic compounds,
etc.) prevent the penetration of chemicals to the glucose-xylose and affect the physiology
and viability of the cell for bioconversion process, thereby hindering the sugar conversion
process (Soleimani et al. 2015; Jonsson and Martin 2016). Thus, in order to maximize the
sugar conversion yield, lignocellulosic hydrolysates require post-treatment in the form of
detoxification and removal of inhibitors.
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The detoxification of lignocellulosic hydrolysate includes chemical additives,
enzymatic treatment, heating, and vaporization, liquid-liquid extraction, liquid-solid
extraction, and microbial treatment (Sambusiti et al. 2016). The adsorptive process
enhances the interactivity and efficiency of the removal of specific organic matter. The
operational cost and post-regeneration inefficiency of commercially activated carbon are
unfavorable aspects of hydrolysate detoxification. Therefore, it is necessary to design
adsorbents with specific and innovative functions for the removal of hydrolysate inhibitors.

Oxidative pre-treatment has high selectivity towards the lignin of lignocellulosic
biomass (Gould 1985; Mishima et al. 2006; Santanaraj et al. 2017). In this method, iron-
based Fenton’s reagents, which are involved in the generation of free hydroxyl radicals,
are important; these radicals react with the surrounding organic matter and degrade them
into smaller carbonaceous compounds (Minella et al. 2014). The various types of Fenton’s
reagents can be distinguished by their reactivity and free hydroxyl radical generation
capacities (Pereira et al. 2012). Unlike other iron-based reagents, nanoscale zero-valent
iron [Fe(0)] has immense potential owing to its efficient reactivity with a wide scope of
contaminants during water remediation (Sun et al. 2006; Phenrat and Saleh 2007; Geng et
al. 2009; Yan et al. 2010; Rosicka and Sembera 2011; Zhang et al. 2013; Torrey et al.
2015; Santos et al. 2017; Orug et al. 2019; Sajab et al. 2019).

In this study, a combination of adsorption and Fenton oxidation has been utilized
for the detoxification of lignocellulosic hydrolysate through the removal of acid-soluble
lignin (ASL) and synthetic furfural. The adsorption and oxidation techniques were
optimized separately and later integrated as per the results of adsorption and degradation
studies. Moreover, the in situ generation of Fe(0) was exploited to enhance the degradation
of lignocellulose.

EXPERIMENTAL

Materials

Commercial activated carbon (AC) (synthesized from coconut shells) of particle
size 0.42 mm to 1.70 mm were obtained from Concepts Ecotech Sdn. Bhd., Kuala Langat,
Malaysia. Oil palm empty fruit bunch (EFB) fibers of size 106 pum to 150 um were
procured from Szetech Engineering Sdn. Bhd., Shah Alam, Malaysia. Iron(lll) chloride
hexahydrate, sodium hydroxide, 30% hydrogen peroxide, 32% hydrochloric acid, and
sodium borohydride were purchased from Merck (New Jersey, United States) and used for
the preparation of Fenton’s reagent. GR-grade synthetic furfural (Merck) was used without
further purification. To prepare acid-soluble lignin (ASL), the oil palm EFB fibers were
dissolved in 72% H>SO4 (Merck) in a ratio of 1 g to 15 mL at 10 °C in a water bath shaker
for 1 h. Subsequently, the concentration of the H2SO4 solution was reduced from 72% to
4% via the addition of deionized (DI) water. The mixture was autoclaved at 121 °C for 1
h, cooled at room temperature, and vacuum-filtered to yield an ASL solution.

Fe(0) Nanoparticles Preparation

An 8 mg/L stock solution of Fe(l1l) was prepared by dissolving FeCls in DI water
with the addition of fractional drops of 1 M HCI to prevent sedimentation. Colloidal Fe(0)
was prepared from iron and a reducing agent (NaBH, in 100 mL of ethanol) in a 1:2 weight
ratio with the addition of a stabilizer (ethylenediaminetetraacetic acid, EDTA). The
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resulting Fe(0) was separated by centrifugation at 10,000 revolutions per minute (rpm) for
15 min, after which it was washed and sonicated in deionized water for 1 h to remove the
excess ethanol. The sample was then kept dry until further use. The in situ synthesis of
Fe(0) on AC was performed by adsorbing 8 mg/L of Fe(lll) onto the NaBHa4 in the
aforementioned ratio.

Adsorption-oxidation

With regards to the preliminary study, the adsorption capacity of AC was
determined by adding 0.1 g of AC to 50 mL of adsorbate solution at 200 rpm for 4 h at
room temperature. At specific time intervals, an aliquot of the sample was taken for
dilution, after which the concentrations of ASL and furfural were measured using a UV-
Vis spectrophotometer. As for the isotherm study, 0.1 g of AC was mixed with 50 mL of
the adsorbate solution and placed in a water bath shaker at 200 rpm for 4 h at room
temperature and atmospheric pressure. The final concentration was measured and analysed
according to the following Eqgs. 1 and 2,

(Co-CV
=Gy &
% of adsorbate removal= (Coci x100% (2)
0

where Co, Ct, and Ce are the initial concentration, the concentration of adsorbate at the time
t, and the concentration at the equilibrium (mg/L), while m and V are the mass of the AC
(9) and the volume of the adsorbate solution (L).

The removal of the ASL and furfural via Fenton's oxidation involved the use of
different Fenton reagents [Fe(lll) and Fe(0)] with the aid of 200 mmol of H>O». This
experiment was performed under conditions that were similar to that of adsorption, i.e. 8
mg/L of AC in 50 mL of adsorbate over a reaction time of 4 h. Meanwhile, simultaneous
adsorption-Fenton oxidation generated Fenton reagents, Fe(l1l) and Fe(0), on commercial
AC in aratio of 0.1 g of AC to 8 mg/L of the Fenton reagent. In this process, Fe(lll) was
formed in the presence of 200 mmol of H202. The initial and final concentrations of ASL
and furfural were measured accordingly using a UV-Vis spectrophotometer.

Characterization

The surface morphology of Fe(0) was determined via transmission electron
microscopy (TEM) (CM 12 Philips, Eindhoven, Netherlands). Meanwhile, the structural
changes in AC with Fe(l11) and Fe(0) deposits were identified by field emission scanning
electron microscopy (FESEM) (Merlin Compact, Zeiss Pvt. Ltd., Oberkochen, Germany).
X-ray diffractometry (XRD) was performed to verify the changes in the crystalline
structure of AC (Bruker D8 Advanced, Bruker, Billerica, MA, USA). Subsequently, the
zeta potential and diameter of diluted Fe(0) were evaluated using a Malvern Zetasizer
(City, UK). The concentrations of ASL and furfural were monitored via UV-Vis
spectrophotometry, whereby the maximum wavenumbers, Amax, Were calibrated according
to the Lambert-Beer law of linearity at 205 nm and 275 nm, respectively (Single Beam UV
Spectrophotometer SP-UV  300SRB, Spectrum Instruments GmbH, Uberlingen,
Germany).
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RESULTS AND DISCUSSION

Characterization

As per the morphological analysis, the spherical particles of synthesized Fe(0) were
clearly visible in the TEM micrograph (Fig. 1a). Additionally, the partial Fe(0) particles
appeared to be aggregated into a chain-like structure. The diameters of the individual
particles were 41.7 nm to 42.5 nm, which corresponded to those of previous studies (Sun
et al. 2006; Yan et al. 2010; Zhang et al. 2013; Santos et al. 2017). Even though the
agglomeration of Fe(0) was temporary (owing to its magnetic property), the mobility of
the particles was restricted in this phase (Sun et al. 2006; Phenrat and Saleh 2007; Rosicka
and Sembera 2011). In the depths of the Fe(0) micrograph, the oxidative phases of iron
were clearly observed in the form of different color tones; darker tones in the Fe(0) core
represented those of larger atomic numbers, while the lighter tones indicated the formation
of iron oxides (Sun et al. 2006 ). Since Fe(0) is highly reactive, the oxidized layer on its
surface kept expanding, owing to its transformation into FeOOH. Besides, the reactivity of
Fe(0) with an aqueous medium led to the expeditious formation of larger Fe(0) particles
(Torrey et al. 2015).

PP,

Fig. 1. Morphological structure of: (a) Fe(0) by TEM micrograph image; (b) Fe(0) by FESEM
micrograph image; (c) AC with deposited Fe(lll); (d) AC with deposited Fe(0)

Given the significant increase in diameter (in the range of 98.1 nm to 118.5 nm),
the expanded Fe(0) particles were clearly visible in the FESEM image [Fig. 1(b)]. The
surface morphologies of the Fe(lll) and Fe(0) deposited on the AC are displayed in Fig.
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1(c) and Fig. 1(d). Evidently, the presence of Fe(l11) on the surface of AC was insignificant,
since the macropores on the outer surface AC had diameters of about 10 nm to 50 nm and
consisted of electron-free areas when compared with the entire carbon matrix (Onganer
and Temur 1998). In contrast, the spherical particles of Fe(0) was clearly observed on the
surface of AC with a decent distribution.

The crystallograph of AC was observed in the XRD pattern (Fig. 2a). Neat AC was
identified by the presence of two obvious peaks [(002) and (101)] at 20 = 23° and 44°,
respectively, which denoted the characteristics of graphite crystals (Dantas et al. 2006).
However, an individual analysis of Fe(0) yielded significant peaks at 44°, which
corresponded to the (110) plane (Zhang et al. 2013). It was difficult to identify the phase
difference between neat AC and deposited Fe(0), since peak (101) overlapped peak (110)
(Geng et al. 2009). Meanwhile, the diameters, as measured by a zetasizer (Fig. 2b)
contained two significant peaks at 94.3 nm (38.5% intensity) and 264.7 nm (61.5%
intensity). Specifically, the dispersed nanoparticles were less than 100 nm in size and had
an aggregated chain-like structure, as shown in Fig. 1(a). Despite the broad distribution of
the particle sizes, Fe(0) had an average zeta potential of -7.2 mV (Sun et al. 2006; Saad et
al. 2019).
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Fig. 2. Characterization of (a) Fe(0) particles and AC with deposited Fe(0) on XRD analysis; (b)
zeta size and potential of Fe(0)

Adsorption Efficiency

The efficiencies of ASL and furfural uptake by the neat AC have been analyzed in
terms of adsorption kinetics. With reference to Fig. 3(a), 15.3% and 27.4% of the ASL and
furfural were adsorbed onto 0.1 g of the AC within 4 h. Evidently, the adsorption of ASL
and furfural was facilitated by the porous microstructure of AC and the broad spectrum of
the functional groups on its surface (Sambusiti et al. 2016). Also, the rates of adsorption
of the ASL and furfural attained an equilibrium within 50 min and 120 min. The difference
in the molecular weights of ASL and furfural in the dissolved solution were likely
attributable to the penetration of particles through the pores of AC. On another matter, the
addition of Fe(l11) led to slight reductions in the degradation of ASL (12.7% removal) and
furfural (26.3% removal). Even though AC possessed distinct surface-active sites, the
specific uptake of Fe(IIl) deposited on the AC reduced the latter’s interaction with ASL
and furfural (Mopoung et al. 2015). While the maximum uptake of the adsorbate can be
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quantitatively measured using adsorption isotherm models, it is difficult to determine
precisely the concentration of ASL via an indirect analytical method such as UV-
spectrophotometry.
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Fig. 3. Adsorption kinetics of: (a) ASL and furfural uptake for 4 h; (b) the non-linearized isotherm
adsorption of Langmuir and Freundlich of furfural and (c) schematic diagram of adsorption-
oxidation behavior (adsorbent: 0.1 g; pH: 5; ASL: 100%, furfural: 500 mg/L to 1500 mg/L)

*InH — inhibitors
Fe(0) - zero valent iron
NaBH, - reducing agent

The adsorption isotherm was only determined for furfural uptake. This was
followed by the use of Langmuir and Freundlich models — as per Eq. 3 and 4 (Freundlich
1907; Langmuir 1917),

_ OpbCe
9o = Topc, ©)
q,~KeCY'™ (4)

where Langmuir isotherm expressed, Qo is the maximum adsorption capacity of furfural
per unit mass of adsorbent (mg/g), and b is a constant related to the adsorption energy
(L/mg). In the Freundlich isotherm, Kr and 1/nr are the constants, where K is the relative
adsorption capacity of the adsorbent and nr is the degree of the dependence of adsorption
on the equilibrium concentration of the furfural. Figure 3(b) shows the correlation between
the prediction and experimental of furfural adsorption; Table 1 shows the summary of the
computed data. Accordingly, the larger coefficient of correlation for the Langmuir isotherm
suggests the involvement of monolayer interactions between the furfural and AC. In
addition, the maximum uptake of furfural by neat AC was higher than that by the AC-
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Fe(lll) (Qo = 186.9 and 162.6 mg/g, respectively) even though their adsorption kinetics
were similar. However, due to the fact that the uptake of Fe(lll) ions took place in the
surface site of the activated carbon as shown in the schematic diagram [see Fig. 3(c)], the
adsorption capacity of activated for the inhibitors uptake was reduced significantly.

Table 1. Calculated Langmuir and Freundlich Isotherm Constants for the Uptake

of Furfural on Neat AC and Deposited Fe(lll) on AC
Adsorbate

Langmuir Freundlich
Qo b R? Ke n R2
Neat AC 186.9 0.064 0.997 36.58 9.39 0.980
AC-Fe(lll) 162.6 0.009 0.970 37.41 8.73 0.967

Note: Qo (mg/g) = maximum adsorption capacity; b (L/mg) = constant related to adsorption the
adsorption energy; Kr ((mg/g)(L/mg)*") = relative adsorption capacity; n = degree of
dependence of adsorption; R2 = coefficient of determination. Adsorbent: 0.1 g; pH: 5; furfural:
500 mg/L to 1500 mg/L.

Degradation Kinetics of Adsorption-oxidation

Figure 4(a) and Fig. 4(b) show the degradation kinetics of ASL and furfural,
respectively, during adsorption, catalytic oxidation, and adsorption-oxidation. In the
graphs, neat AC and Fe(l11)/FOx were used as a reference for the individual reactions of
adsorption and Fenton oxidation. Based on the efficiency of adsorption in Fig. 3, the extent
of oxidative removal of ASL and furfural in the presence of 200 mmol of H.O, were 26.4%
and 35.8%, respectively. Basically, the presence of Fe(lll) in solution catalyzed the
oxidative process by increasing the production of hydroxyl radicals, which facilitated the
degradation of ASL and furfural (Dantas et al. 2006). Nevertheless, the rates of removal of
ASL and furfural reached a saturation limit 2 h into the process. Presumably this was due
to the inversion of the oxidation reaction (i.e. from Eq. 6 to Eg. 5), which led to a decline
in the availability of Fe?* (Santanaraj et al. 2017). Accordingly, the reduction in Fe?* led
to a decrease in the production of hydroxyl radicals, which in turn, slowed down the ASL
removal rate (Suh et al. 2003). Equation 5 to 10 exhibit the possible process reactions that
could occur in Fenton oxidation until the degradation of the organic compounds (R in Eq.
10 represents ASL and furfural) (Zhang et al. 2014).

Fe+0,+2H —Fe* +H,0, (4)
Fe**+ H,0,— Fe*'+ H'+ HO; (5)
Fe’*+ H,0,— Fe**+ 'OH + OH™ (6)
"OH + Fe’"— Fe* "+ OH™ 7)
HO; + Fe*'+ H — Fe**+ H,0, (8)
HO; + Fe**— Fe?*+ H'+0, 9)
RH+ ‘OH— R'+ H,0 (10)

In the adsorption-oxidation reaction, the rates of removal of ASL and furfural via
deposition of Fe(lll) on AC [AC-Fe(l111)/FOx] increased significantly. By 4 h into the
reaction, AC-Fe(l11)/FOx efficiently removed 57.8% of the ASL, this figure was twice that
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of neat AC-Fe(lll). Similarly, AC-Fe(0)/Fe(lll) removed up to 70.2% of the furfural.
Unlike the single reaction between neat AC and Fe(lll), AC-Fe(lll)/FOx could have
provided an AC surface of greater reactivity. Because the for-adsorption surfaces were able
to immobilize both Fe(l1l) and ASL/furfural, the hydroxyl radicals generated by Fe(llI)
immediately reacted with the target organic compounds (Shi et al. 2017).
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Fig. 4. Degradation kinetics of: (a) ASL and (b) furfural by adsorption, oxidation, and integration
adsorption-oxidation (Fenton’s reagents: 8 mg/L; H202: 200 mmol; pH: 5; ASL: 100%,; furfural:
1000 mg/L)

The reactivity of Fe(0) is slightly different with the typical iron-base Fenton’s
reagent. Without the oxidation agent, the possible reaction of Fe(0) is described in Egs. 11
to 13 below (Flores et al. 2008).

Fe’+R+H"—Fe?"+RH (11)
2Fe?*+4H'+0,+2H,0—2Fe* +2H,0 (12)
2Fe’"+2H,0—2Fe* +H,+20H" (13)

In addition, the integration of adsorption-oxidation with in situ formation of Fe(0)
on the AC (AC-Fe(0)/FOx) was more favorable for the removal of ASL and furfural. As
AC-Fe(0)/FOx immersed in the effluent, the degradation of ASL and furfural was able to
achieve at 80.9 and 99.2% in the short times.

To observe the performance of the integration of adsorption-oxidation more clearly,
the percentage of furfural removal was plotted in Fig. 5(a). The adsorption-oxidation
kinetics at 1500 mg/L of furfural was plotted based on a pseudo-first-order relationship,
using non-linear regression, where the coefficient of determination based on all samples
was above ~0.98. The rates constant of furfural removal, k of AC-(I111)/FOx was slightly
lower in comparison with neat AC at 0.0197 and 0.0559 min™, respectively. Although the
efficiency of AC-Fe(lll)/FOx was considerably higher than neat AC, the integration of
adsorption-oxidation provided a complex heterogenous reaction. Besides, the rates reaction
in redox cycle of Fe(l11) to Fe(ll) in the primary reactions of the Fenton system are able to
suppress the hydroxyl radical generation (Kent et al. 2015).
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Fig. 5. Efficiency of furfural removal using adsorption-oxidation reaction fitted by: (a) non-linear
regression of pseudo first order at pH 5, linear regression of Langmuir-Hinshelwood at different
pH of (b) AC-Fe(lll)/FOX, (c) AC-Fe(0)/FOx, and (d) the effect of different initial concentrations of
furfural at pH 5 (adsorbent: 0.1 g; H202: 200 mmol; pH: 3-7; furfural: 500-1500 mg/L)

The mechanism of adsorption-oxidation of furfural by AC-Fe(l11)/FOx and AC-
Fe(0)/FOx could be described by Langmuir-Hinshelwood (LH) kinetics in terms of -
In(Co/Ct) over reaction time [see Fig. 5(b) and Fig. 5(c)] (Islam et al. 2016). Based on the
pseudo-first-order rate constant, k, the rate of degradation of furfural by AC-Fe(111)/FOx
was about 0.0167 min™ in the initial 30 min of the reaction. This later underwent a
significant reduction to about 0.122 min™. The rapid reaction of Fe(0) towards furfural
degradation denoted with an incomparable performance since the k-value was significantly
higher (0.1216 min). Even though the low pH substantially improved the rate of removal
of furfural, the deviations between the reaction rates were negligible (Duesterberg et al.
2008; Gholami et al. 2018).

On another note, even the highest initial concentration of furfural saw a significant
improvement in the performance of AC-Fe(0)/FOx (Fig. 5d). On the contrary, the
performance of AC-Fe(l11)/FOx gradually declined at higher concentrations of furfural; at
an initial concentration of 1,500 mg/L, the percentage removal of furfural was 63.8%. This
occurrence was likely to be due to the ability of AC to uptake furfural of higher
concentrations (Fig. 3b) apart from the insufficient oxidative activity.
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CONCLUSIONS

1. Even though adsorption and catalytic oxidation had decent detoxification capacities,
the integration of both techniques further improved the removal of target hydrolysate
inhibitors. Specifically, the integrated technique had ASL and furfural removal rates
two to three times those of the individual reactions [i.e. adsorption by activated carbon
or catalytic oxidation by Fe(l11)].

2. Additionally, the expeditious reaction of AC-Fe(0)/FOx removed 80.9% and 99.2% of
ASL and furfural, respectively, within half an hour into the reaction. Evidently, the
adsorptive-oxidative process could be enhanced by a good distribution of Fe(0) on the
AC. Thus, the integration of the aforementioned techniques is likely to be beneficial
for the pre-conditioning of lignocellulosic hydrolysate prior to bioconversion.
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