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Abstract In this study, electrochemical degradation

of microcrystalline cellulose (MCC) under hot-com-

pressed water was investigated via application of

constant voltage on reaction medium. Constant volt-

age ranges from 2.5 to 8.0 V was applied between

anode (Titanium) and cathode (reactor wall). As an

electrolyte and proton source 5–25 mM of H2SO4 was

used. Reactions were carried out in a specially

designed batch reactor (450 mL) made of T316 for

240 min at temperature of 200 �C.MCC decomposi-

tion products such as glucose, fructose, furfural,

5-HMF and levulinic acid were detected and quanti-

fied by High Performance Liquid Chromatography

(HPLC). In the absence of electrolyte, applied voltage

(2.5 and 4.0 V) decreased the total organic carbon

(TOC) yield, in contrast at 8.0 V, TOC yield increased

to 13%. Application of 8.0 V in hydrothermal condi-

tions alter MCC decomposition pathway selectively to

furfural (15%). Addition of electrolyte (5 mM,

H2SO4) and application of 2.5 V potential increased

TOC (54%) and changed the decomposition pathway

in favor of 5-HMF (30%) and levulinic acid (21%).

The structural changes in solid residues of electro-

chemically reacted MCC was analyzed by Fourier

Transform Infrared Spectroscopy (FTIR) and found

that MCC particles functionalized by carboxylic acid

and sulfonated groups by the application of constant

voltage to reaction medium. In the presence of

electrolyte, under certain voltage (2.5 V), functional-

ization of solid particles became more obvious in

FTIR spectrum results. Therefore, change in the

selectivity values of degradation products were con-

ducted with the functionalization of MCC particles

due to applied voltage under sub-critical conditions.

Keywords Cellulose � Sub-critical water �
Electrochemical � Levulinic acid � 5-HMF

Introduction

Biomass decomposition products such as Levulinic

acid (LVA), Hydroxymethyl furfural (5-HMF) and

Furfural have wide range of potential derived com-

pounds that can be used in different areas such as

gasoline additive, polymers etc.

Due to its potential, biomass has been investigated

widely in both academia and industry in order to find

more efficient and sustainable way of utilization.

In this purpose, different methods in utilization of

biomass have been reported so far; mineral acid (Li

et al. 2017), ionic liquids (Zheng et al. 2016), solid

acid catalysts (Kilic and Yilmaz 2015), sub- and

supercritical water (Sasaki et al. 2000). Electrochem-

ical methods have also been reported, Zhang and

coworkers studied electrochemical degradation of

lignin (Zhang et al. 2014), Xu and coworkers studied
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electrolysis of corn stover to sugars (Xu et al. 2014).

Most of the electrochemical reactions reported in

literature carried out in ambient conditions. Sub- and

supercritical water as reaction medium have attracted

attention due to its versatile properties such as ionic

product concentration (10-11, 200–300 �C range) and

dielectric constant (e & 10 near critical) (Marshall

and Franck 1981). Self-dissociation products of water

as hydroxide (OH-) and hydronium ion (H3O?) play

crucial role in the protonation of b-glycosidic bond of

cellulose that resulted in formation of decomposition

products. In order to depolymerize microcrystalline

cellulose, hydronium ion must access to intra- and

inter-molecular hydrogen bonds. Thus, diffusion of

protons with versatile properties (low density, high

diffusivity) of near critical water becomes more

effective. High ionic product concentration also yields

to low energy for the migration of electroactive

species in electrochemical methods. Therefore, elec-

trochemical reactions at near critical conditions

become more economically feasible (Asghari and

Yoshida 2008).

As hybrid method of electrochemical oxidation and

synthesis of organic compounds (Sasaki et al. 2007) in

sub-critical water conditions become attractive for the

production of value added chemicals (Yuksel et al.

2011). In our previous study, we investigated the

decomposition of microcrystalline cellulose via appli-

cation of direct constant current (0–2 A) in sub-critical

water conditions (170–230 �C) with the addition of

sulfuric acid (1–50 mM). In order to reveal the coupled

and interaction parameters of constant current with

sulfuric acid under hydrothermal conditions, fractional

factorial experimental design was built. It was found

that, application of 1 A current to reaction medium

decreased required temperature from 230 to 200 �C to

reach maximum cellulose conversion of 82% with the

presence of 50 mM H2SO4 (Akin and Yuksel 2016).

Increase in TOC amount was conducted with the

formation of ionic products (OH-, H3O?) and radicals

(OH.-, SO4
.-) due to the applied direct current. Higher

current value (2A) resulted in the decreased TOC

showing that gaseous products were formed due to the

high concentration of radicals in the reaction medium.

Effect of current on cellulose decomposition products

such as 5-HMF and levulinic acid was also investigated

and found that direct current (1 and 2 A) increased

yield of 5-HMF in contrast to levulinic acid concen-

tration. Applied constant current to reaction medium

resulted in the variable electrode potential throughout

the reaction. Thus, formation of activated species

within the reaction medium varies as the electrode

potentials changes. Davis and coworkers studied the

formation of persulfate via electrolysis of sulfuric acid

solution based on radical mechanism (Davis et al.

2014). They reported that different radical species

(SO4
-•, HSO4

•, OH•) and ionic products (SO4
2-, H3-

O?, OH-) can be formed during electrolysis of

sulfuric acid solution at different electrode potentials.

Applied constant voltage can form activated species as

radicals (Fig. 1b) and ionic products (Fig. 1a) of

sulfuric acid and water in sub-critical water. Formation

of these products can alter the decomposition mech-

anism (Fig. 1) of cellulose in a selective way of

degradation products such as levulinic acid, furfural

and 5-HMF. Radical based decomposition mechanism

of glucose is favored in supercritical water conditions

(Promdej and Matsumura 2011) and cellobiose decom-

position mechanism in sub- and supercritical condi-

tions was also reported in details (Kabyemela et al.

1998). They reported formation of glucosyl-glycoalde-

hyde, glucosyl-eryhtrose and glycoaldehyde was

observed under supercritical water conditions. As the

application of constant voltage resulted in formation of

ionic and radical species, decomposition mechanism of

cellulose via ionic and radical based pathways is

postulated (Fig. 2)

In this study, decomposition of microcrystalline

cellulose via the application of constant voltage in sub-

critical conditions (200 �C) with and without sulfuric

acid (5–25 mM) addition was investigated. Cellulose

decomposition was conducted with TOC measure-

ments and effect of applied voltage (2.5, 4.0 and

8.0 V) on product distribution was investigated by

selectivity and yield values.

Materials and methods

Microcrystalline cellulose (MCC, Sigma Aldrich,

particle size\20 lm) was used as model compound.

High Performance Liquid Chromatogram (HPLC,

Agilent 1100) analysis was used for quantitative

analysis of chemicals as glucose, fructose, 5-HMF,

levulinic acid, and furfural. Separation of products

were maintained via sugar column (Shodex, SH1100)

with elution of sulfuric acid (Merck, 96–98% purity) at

3.75 mM with the flow rate of 0.5 ml min-1 at a
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Fig. 1 Suggested mechanism of cellulose decomposition by a ionic product and b radical based pathway

Fig. 2 Postulated reaction pathways of cellulose decomposition by radical (dashed line arrow) and ionic (solid line arrow) species

based mechanism
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column temperature of 50 �C. Aldehydes, ketones and

carboxylic acids were identified by refractive index

(RI) detector. Gaseous product was collected by

polypropylene (PP) bags at the end of reaction. Gas

Chromatography equipped with a Thermal Conduc-

tivity Detector (GC-TCD) (Agilent 6890 N) were used

to analyze gas products. TOC analyzer (Shimadzu

TOC-VCPH) was used to monitor TOC conversions in

the liquid products and solid residues. Fourier Trans-

mission Infrared Spectroscopy (FT-IR) analyses of

solid residues were conducted by Perkin Elmer

Frontier-Spectra two with scan rate of 4 cm-1 from

600 cm to 4000 cm-1 wavenumber

Electrochemical degradation of MCC under

hydrothermal conditions were carried out in a 450 ml

(Parr 5500 series) of batch reactor equipped with a

specially designed titanium anode. Experimental set-

up was illustrated and explained in detail at our

pervious study (Akin and Yuksel 2016). Sulfuric acid

at different concentration (0, 5 and 25 mM) was added

to reaction medium as external proton source.

Hydrothermal electrolysis experiments were carried

out at a constant temperature of 200 �C for 240 min of

reaction time by application of constant voltage values

(2.5, 4.0 and 8.0 V). Constant potential difference

across anode (titanium) and reactor wall (T316) was

supplied by DC power source (GW Instekt). Liquid

samples were collected during reaction for 30 min’

intervals and analyzed by HPLC and TOC instruments.

Results and discussion

TOC and product distribution

Cellulose degradation products such as glucose,

fructose, levulinic acid, 5-HMF and furfural were

quantified via HPLC. Yield (Eq. 1) and selectivity

(Eq. 2) values of degradation products were calculated

based on the carbon balances with the following

equations. Initial carbon amount loaded to the reaction

medium was analyzed via TOC and it was found that

42–45% of MCC is composed of carbon. Hence, yield

calculations based on initial moles of carbon content

was conducted as 0.28 mol (8 g of MCC) of initial

carbon amount.

Ionic product concentration plays crucial role in

destruction of intra- and inter hydrogen bonds of

cellulose that yields the formation of further degrada-

tion products. Cellulose decomposition mechanism in

sub-critical conditions is explained via ionic based

reactions (Sasaki et al. 2000). Our previous study

showed that application of constant current (1 A) to

reaction medium resulted in the highest TOC yield in

comparison to 2 A and current free reactions. An

increase in ionic concentration due to self-dissociation

of water under applied current resulted in higher TOC

yields, in comparison to higher current values (2 A)

that yields the formation of gaseous products due to

radical based mechanism in decomposition of cellu-

lose (Akin and Yuksel 2016).

In order to observe the effect of applied constant

voltage to ionic product concentration in reaction

medium, TOC values were investigated (Fig. 3).

When cellulose degradation was carried out under

subcritical conditions without electrolyte and applied

voltage, TOC yielded to 13% (Fig. 3a). In the absence

of electrolyte (H2SO4), application of constant voltage

(2.5 and 4.0 V) resulted in lower TOC values (Fig. 3a)

in comparison to current free experiment. Lower TOC

value could be resulted due to decrease in ionic

product concentration because of applied voltage. In

the absence of electrolyte, hydronium (H3O?) and

hydroxyl (OH-) ions could be reduced or oxidized in

Yield % ¼ # of carbon of speciesð Þ � Mole of species producedð Þ
Moles of carbon in cellulose

� 100 ð1Þ

Selectivity % ¼ # of carbon of speciesð Þ � Mole of species producedð Þ
Total Moles of Carbon (TOC) in liquid

� 100 ð2Þ
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cathode and anode respectively. Thus, protonation of

b-gycosidic bond could be limited due to the low

concentration of ion products. However, application of

8.0 V of potential difference resulted in higher TOC

value (Fig. 3a). This could be explained by over-

potential that resulted in the dissociation of water to its

ionic products. Application of voltage under

hydrothermal conditions also yields the formation of

radical species such as hydroxyl radical (OH•-)

(Rossmeisl et al. 2005). Increase in radical species

concentration could also result in the formation of

decomposition products via radical based mechanism

that yields to formation of glucosyl-glycoaldehyde,

glucosyl-eryhtrose (Fig. 2). Addition of sulfuric acid

(5 mM) to the reaction medium increased the TOC

yield to 50% (Fig. 3b) under hydrothermal conditions.

Application of 2.5 and 8.0 V voltages to reaction

medium containing 5 mM of sulfuric acid increased

the TOC yield to 54 and 60%, respectively. There is

coupled effect of applied voltage and sulfuric acid in

TOC yield as reported in our previous study (Akin and

Yuksel 2016). The coupled effect can be explained by

the oxidation of sulfuric acid that yields the formation

of sulfate radical (SO4
•-) near anode (Davis et al.

2014). However, application of 4.0 V did not alter

TOC yield. The interaction of applied voltage with the

parameters effecting TOC yield is indistinguishable. It

is due to the fact that TOC formation is also effected

by the formation of carboxylic acids that are formed

during the decomposition of cellulose. Addition of

sulfuric acid increases the concentration of degrada-

tion products, hence, effect of applied voltage at

higher sulfuric acid concentration showed different

patterns in TOC yield (Fig. 3c). Applied 2.5 V

resulted in the higher TOC yield in reaction medium

with 25 mM of sulfuric acid.

Product yield and selectivity

Effect of applied voltage (2.5, 4.0 and 8.0 V) on

product yield and selectivity values in hydrothermal

reaction medium was investigated with and without

acid catalyst (H2SO4). Yield and selectivity values of

cellulose degradation products such as glucose, fruc-

tose, furfural, 5-HMF and levulinic acid were ana-

lyzed and quantified as described in Materials and

methods section. The control reaction was conducted

under hydrothermal conditions (200 �C) without acid

and voltage application to the reaction medium. Under

hydrothermal conditions, selectivity (Fig. 4a) and

yield (Fig. 4b) values of glucose reached to 15 and

6%, respectively. Application of voltage (2.5 and

4.0 V) decreased the yield of glucose below 2%. This

could be due to same effect of voltage as it was in TOC

yield. In the absence of electrolyte, ion products of

water can be involved redox reactions that can hinder

the protonation of cellulose. However, application of

8.0 V resulted in higher selectivity to glucose

(Fig. 4a) in comparison to 2.5, 4.0 V and voltage free

experiments. The same trend was also observed in

glucose isomerization to fructose (Fig. 4c, d).

Fig. 3 Total organic content (TOC) of liquid products at

applied voltage values of 0, 2.5, 4.0, 8.0 V at different

electrolyte (H2SO4) concentrations; a 0 mM, b 5 mM, c 25 mM
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However, under hydrothermal conditions, yield of

fructose was much higher than that was in voltage

applied experiments. This could be explained by series

reactions in which fructose was further converted to

5-HMF by dehydration.

Applied voltage (8.0 V) shifted the selectivity in

favor of furfural (Fig. 4e) and 5-HMF (Fig. 4g)

formation. There are two proposed reaction pathways

for the conversion of fructose to furfural under

hydrothermal conditions (Aida et al. 2007). One is

the removal of formaldehyde from 5-HMF and the

other one is the cleavage of C–C bond in fructose that

yields pentose formation and further dehydration of

pentose yields to furfural formation (Luijkx et al.

1993). The yield values of furfural (Fig. 4f) and

5-HMF (Fig. 4h) increased simultaneously.

Fig. 4 Selectivity and yield

values of degradation

products a–b glucose, c–d
fructose, e–f furfural, g–h
5-HMF, i–j levulinic acid by

hydrothermal electrolysis

without acid catalyst
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Therefore, it could be said that furfural might be

formed by the cleavage of C–C bond in fructose

because of the low yield of fructose (8.0 V) in

comparison to hydrothermal reaction (0 V) (Fig. 4d).

Otherwise, 5-HMF concentration was expected to

decrease with the increase of furfural yield in the

reaction pathway of formaldehyde extraction from

5-HMF. Rehydration of 5-HMF resulted in formation

of levulinic acid (Fig. 4i). Application of voltage

limited the formation of levulinic acid as compared to

the voltage free experiments.

In our previous work, effect of addition of external

proton source (H2SO4) on product yields at molarity of

25 and 50 mM under hydrothermal electrolysis (con-

stant current) conditions has already been investigated

(Akin and Yuksel 2016). Statistical analysis showed

that there was a coupled effect of electrolysis and acid

catalyst on TOC yield under hydrothermal conditions.

However, constant current did not selectively alter the

decomposition reaction. In this study, it was proposed

that application of constant voltage may alter the

decomposition of cellulose in a selective way. Thus,

yield and selectivity values of decomposition products

under applied constant voltage of 2.5, 4.0 and 8.0 V

were investigated with addition of 5 mM (Fig. 5) and

25 mM (Fig. 6) acids into reaction medium.

Addition of electrolyte distinguished the diverse

effect of applied voltage on glucose (Fig. 5b) and

fructose (Fig. 5d) yields as it was in the case of

electrolyte free experiment (0 mM). Hydrothermal

electrolysis products selectively produced glucose

(Fig. 5a) and fructose (Fig. 5c) at first 30 min of

reaction. Glucose selectivity reached to 17.9% under

hydrothermal conditions within 30 min without

applied voltage. Application of 2.5 V increased glu-

cose selectivity to 45% at which TOC conversions

were about 10% for both conditions. It is an evident

that rate of protonation of b-glyosidic bond of

cellulose increased under certain potential voltage

(2.5 V) and that yielded higher glucose selectivity.

Selective increase in the glucose selectivity within

30 min could be due to the both increase in both ionic

and radical species concentration as in the suggested

decomposition mechanism (Fig. 2).

At higher voltage (4.0 and 8.0 V), glucose selec-

tivity was lower than voltage free (0 V) experiment at

similar TOC (Fig. 3b) values. Similar TOC indicate

that partial decomposition of cellulose yielded oligo-

mers at higher voltage values within 30 min. High

potential differences resulted in the formation of

hydrogen gases instead of protonation of b-glyosidic

bond of cellulose as found in GC-TCD analysis

(Fig. 7a) of gaseous products. Moreover, our previous

study also showed consistent results in terms of

gaseous products formation at higher current values

(Akin and Yuksel 2016).

The selectivity values of degradation products such

as 5-HMF (Fig. 5g) and levulinic acid (Fig. 5i)

dramatically changed after 30 min of reaction. 5-

HMF selectivity sharply increased up to 28% between

30 and 90 min of reaction time. The maximum

selectivity value of 5-HMF (29%) is reached at

2.5 V within 120 min of reaction time. Under sub-

critical water conditions (0 V), 5-HMF rehydrated to

levulinic acid due to the thermal instability, which was

also reported in literature (Sasaki et al. 2011).

Therefore, levulinic acid was formed via rehydration

of 5-HMF and its selectivity reached to 21% at 2.5 V

within 240 min of reaction. The dramatic change in

5-HMF selectivity under applied 2.5 V could be due to

the functionalization of cellulose surface with car-

boxylic acid and sulfoxide groups. It was reported that

Bronsted acid sites play crucial role in selective

formation of 5-HMF via dehydration of fructose (Qi

et al. 2012; Swift et al. 2014). Thus, the dramatic

change in 5-HMF and levulinic acid selectivity values

at 2.5 V potential could be due to the formation of

sulfonated carbon particles that can act as catalyst in

selective formation of 5-HMF. Formation of sulfone

groups were detected via FTIR (Fig. 9a) of remaining

solid particles at the end of reaction. FTIR patterns

showed that formation of sulfur ester (S–R) and

sulfoxide (S = O) groups became more obvious at

2.5 V of applied voltage. The detailed discussion is

held on spectroscopic analysis part. Moreover, sul-

fonated carbon derived from biomass has been inves-

tigated and reported in selective production of 5-HMF

(Kang et al. 2013; Qi et al. 2012; Shen et al. 2016).

However, application of 4.0 V and 8.0 V of potential

difference did not alter the selectivity values of

5-HMF and levulinic acid. The formation of car-

boxylic and sulfonated functional groups in solid

residue was also observed at 8.0 V potential. How-

ever, catalytic effect of functional groups was not

observed. In addition, application of 8.0 V decreased

the product selectivities in contrast to TOC yields.

Application of higher voltage (8.0 V) decreased the

pH value to 1.72 that was 2.0 at voltage free

Cellulose (2017) 24:4729–4741 4735
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experiment. Applied higher voltage could have

resulted in further degradation of aldehydes and

ketones to carboxylic acids due to the formation of

highly active sulfate ion radicals resulted in the

fragmentation reactions. It was reported that levulinic

acid also involved further kolbe reactions that yields

the formation of valeric acid (dos Santos et al. 2015).

Thus, under applied voltage of 8.0 V based on the

TOC results, levulinic acid could further involved the

formation degradation products.

Effect of applied voltage at higher acid concen-

tration (25 mM) on product yield and selectivity

values was given in Fig. 6. Under hydrothermal

conditions, selectivity of 5-HMF (Fig. 6g) reached to

40% within 60 min and further reaction time

(210 min) yielded levulinic acid (Fig. 6i) with

Fig. 5 Selectivity and yield

values of degradation

products a–b glucose, c–d
fructose, e–f furfural, g–h
5-HMF, i–j levulinic acid by

hydrothermal electrolysis

with 5 mM sulfuric acid

catalyst
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selectivity of 23%. Application of voltage (4.0 and

8.0 V) showed diverse effect on 5-HMF selectivity

even though the FTIR results showed that sulfone

groups were formed at solid residuals. Application of

potential at relatively high concentration of sulfuric

acid may yield high concentrations of reactive species

such as sulfone ion radicals that hinders the effect of

sulfonated carbon particles. In contrast, levulinic acid

selectivity increased from 23% (0 V) to 32% (2.5 and

8.0 V) by application of voltage. GC-TCD (Fig. 7c)

analysis showed that under hydrothermal conditions

there was no significant production of gaseous

products, however, as the potential applied, carbon

monoxide and carbon dioxide formation increased.

Thus, application of voltage under 25 mM acid

yielded the formation of gaseous product due to

further decomposition based on radical mechanism

(Sasaki et al. 2004).

Fig. 6 Selectivity and yield values of degradation products a–b glucose, c–d fructose, e–f furfural, g–h 5-HMF, i–j levulinic acid by

hydrothermal electrolysis with 25 mM sulfuric acid catalyst
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Gas products formation

Gas samples were collected at the end of reaction

(240 min) into PP bags and analyzed by GC-TCD.

Hydrolysis of cellulose first yielded to aldehydes and

ketones and further decomposition resulted in forma-

tion of carboxylic acids that could be decomposed to

the gases under hydrothermal conditions. Application

of potential difference to the reaction medium resulted

in the formation of hydrogen and oxygen gases

because of reduction and oxidation reactions of ionic

products of water. Moreover, addition of sulfuric acid

resulted in the formation of radical species that end-up

formation of gaseous products due to radical based

decomposition mechanism. Formation of gas products

such as hydrogen (Fig. 7a), carbon monoxide

(Fig. 7b) and carbon dioxide (Fig. 7c) were investi-

gated. Application of potential of 2.5 V decreased

carbon dioxide (Fig. 7b) formation in electrolyte free

and 5 mM sulfuric acid containing reaction mediums.

Decrease in the carbon dioxide could be explained by

the electrochemical reduction at cathode surface

(Jitaru et al. 1997) and possible further reactions with

aldehydes and ketones. Further increase in voltage

resulted in higher concentration of gaseous product.

Moreover, when 8.0 V of potential was applied,

methane was produced in the presence of 5 and

25 mM sulfuric acid. Electrochemical reduction of

carbon dioxide might result in the formation of

methane (Fig. 8).

FTIR spectrum of solid residues

The FTIR spectrums of solid residues of acid free

(Fig. 10) experiments and with 5 mM H2SO4

hydrothermal electrolysis reactions (Fig. 9) were

investigated. Raw material microcrystalline cellulose

showed the stretching vibrations at 3341 and

2877 cm-1 attributed to O–H and C–H bonds. In

addition, the peak at 902 cm-1 is attributed to the b-D-

glucopyranosyl that disappeared by the application of

8.0 V of potential under acidic conditions (Fig. 6b). In

contrast, application of 4.0 V did not totally diminish

the intermolecular hydrogen bond peak, however,

2.5 V application was almost destruct the b-D-glu-

copyranosyl. The main characteristic peaks of cellu-

lose were observed at spectrum of 1033 and 1059 cm-1

and were assigned as C–OH and C–O stretching

vibrations, respectively. The peaks of microcrystalline

cellulose at 1104 and 1160 cm-1 could be attributed to

C–O and C–C stretching vibration of cellulose ether.

Application of voltage in sulfuric acid reaction

medium yielded the formation of sulfonate function-

alities at solid residues. The peak of sulfur ester (S–

OR) and sulfoxide (S = O) were observed at

wavenumber of 811 cm-1 and 1030–1060 cm-1,

respectively. The sulfoxide peaks were overlapped

with the characteristic peaks of cellulose and it was

hard to distinguish. However, the shoulder (Fig. 9,

arrow) at 1033 cm-1 of cellulose was separated at

spectrums of 2.5 and 8.0 V. Moreover, the relative

Fig. 7 Formation of gaseous products of a hydrogen, b carbon

dioxide, c carbon monoxide under acid catalyst (5, 25 mM) and

hydrothermal conditions with applied voltage of 2.5, 4.0 and

8.0 V

4738 Cellulose (2017) 24:4729–4741
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peak height at 1060 cm-1 became higher than

1030 cm-1 at 2.5 V potential, indicating that sulfoxide

bond formation took place. The change in spectrums at

1030 and 1060 cm-1 (shoulder) with applied voltage

was not observed in acid free reaction medium

(Fig. 10). Change in the selectivity of product distri-

butions by application of 2.5 V potential can be

explained by the formation of sulfonate groups in solid

residuals. Moreover, application of voltage resulted in

the formation of carboxylic acid (C = O) functional

group at stretching vibration of 1705 cm-1 (Nakhate

and Yadav 2016). Primary alcohol group of cellulose

could be oxidized via cyclic or acyclic ways that

resulted in formation of carboxylic acid (Fig. 8),

aldehyde and ketone functionality (Rajalaxmi et al.

2010). FTIR spectrum of 2.5 and 8.0 V (Fig. 9b, e)

indicated that higher carbonyl band intensity was

higher under applied voltage. This intensity was a sign

of oxidation of primary or secondary alcohol group of

cellulose to carboxylic acid functionality. FTIR spec-

trums of solid residual also supported the idea of

catalytic effect of solid particle within the reaction

medium under applied voltage because of formed

sulfonated and carboxylic acid groups.

Conclusion

Hydrothermal electrolysis of MCC were carried out

under constant potential range of 2.5 V–8.0 V.

Fig. 8 Reaction mechanism of formation of carboxylic acid and sulfoxide functional groups by oxidation of primary and secondary

alcohol group of cellulose

Fig. 9 FTIR spectrum of

microcrystalline cellulose

and solid residues of applied

potential of 2.5, 4.0 and

8.0 V in 5 mM sulfuric acid

medium

Cellulose (2017) 24:4729–4741 4739

123



Formation of organic compounds (TOC) and product

selectivity values were investigated in the presence

and absence of electrolyte solution. As an electrolyte

sulfuric acid was used in concentration of 5 and

25 mM. In the absence of electrolyte, application of

voltage (2.5 and 4.0 V) decreased TOC yield of

reaction under hydrothermal conditions. Diverse

effect was conducted with the redox reaction of ionic

products water, which might hinder the protonation of

b-glyosidic bond of cellulose under applied potential.

In contrast, higher potential 8.0 V resulted in higher

yield of TOC (13%) showing that applied over

potential might result in the formation of more

reactive species as hydroxyl radical (OH•-) that could

trigger the cleavage of b-glyosidic bond. Moreover,

application of 8.0 V altered the decomposition mech-

anism to furfural with the increased selectivity of 13%

in comparison to current free experiment (%7).

Application of 2.5 V in 5 mM sulfuric acid solution

also altered the TOC yield (54%) but most dramatic

changes were observed in selectivity values of 5-HMF

(30%) and levulinic acid (21%). The change in the

selectivity values of degradation products and the

structural changes in solid residues of electrochemi-

cally reacted MCC was conducted by Fourier Trans-

form Infrared Spectroscopy (FTIR) and it was found

that MCC particles functionalized by carboxylic acid

and sulfonated groups by the application of constant

voltage to reaction medium. Under certain potential

difference (2.5 V), functionalization of primary and

secondary alcohol groups of cellulose to carboxylic

acid and sulfoxide became more obvious in FTIR

results. Thus, it was suggested that, functionalization

of particles may alter the selectivity of decomposition

products of cellulose since formation of sulfoxide and

carboxylic acid functionality has catalytic effect on

decomposition of cellulose.
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