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Abstract Red seaweed, Kappaphycus alvarezii, holds

great promise for use in biofuel production due to its high

carbohydrate content. In this study, we investigated the

effect of fermentation inhibitors to the K. alvarezii

hydrolysate on cell growth and ethanol fermentation. In

addition, detoxification of fermentation inhibitors was

performed to decrease the fermentation inhibitory effect.

5-Hydroxymethylfurfural and levulinic acid, which are

liberated from acidic hydrolysis, was also observed in the

hydrolysate of K. alvarezii. These compounds inhibited

ethanol fermentation. In order to remove these inhibitors,

activated charcoal and calcium hydroxide were introduced.

The efficiency of activated charcoals was examined and

over-liming was used to remove the inhibitors. Activated

charcoal was found to be more effective than calcium

hydroxide to remove the inhibitors. Detoxification by

activated charcoal strongly improved the fermentability of

dilute acid hydrolysate in the production of bioethanol

from K. alvarezii with Saccharomyces cerevisiae. The

optimal detoxifying conditions were found to be below an

activated charcoal concentration of 5%.
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Introduction

Kappaphycus alvarezii (cottonii) is red seaweed, which has

been categorized as carrageenophyte [1]. Currently, this

species is commercially cultivated in the Philippines,

Indonesia, Malaysia, Tanzania, and Micronesia [2]. Carra-

geenan is a polysaccharide contained in K. alvarezii and can

be readily hydrolyzed to monosaccharides using acidic and

enzymatic hydrolysis. Acidic hydrolysis is economically

more feasible than enzymatic hydrolysis. However, the main

drawback of the acid hydrolysis process, when compared to

the enzymatic hydrolysis process, is the formation of by-

product compounds that severely inhibit cell growth and

ethanol production from the hydrolysate. Fermentation

inhibitors include furan derivatives such as furfural and

5-hydroxymethylfurfural (5-HMF), aliphatic acids such as

formic acid, acetic acid and levulinic acid, and phenolic

compounds. Some fermentation inhibitors might be present

in the sample before hydrolysis, but most of the inhibitors are

formed during the hydrolysis process [3–7].

This study focused on two by-products formed in the

hydrolysate of K. alvarezii, i.e. hydroxymethylfurfural and

levulinic acid. Hydroxymethylfurfural, a toxic compound

originating from the degradation of hexose, is the most

important intermediate product in the acidic hydrolysis

process. Its inhibitory effect is similar to that of furfural,

causing a longer lag phase during growth. However,

hydroxymethylfurfural is considered less toxic than furfural.

Levulinic acid is formed by the degradation of hydroxym-

ethylfurfural. The toxicity of levulinic acid is mainly due to

its undissociated form; thus, the medium pH is important

[7, 8]. It will be necessary either to avoid the formation of

inhibitors under suitable conditions or to include a detoxifi-

cation process [5, 6, 9]. Some detoxification processes have

been developed to achieve high fermentability, i.e. physical,
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chemical and biological process. Generally, detoxification

processes include precipitation, ionization, adsorption with

activated carbon, ion exchange resin, and over-liming in

wood hydrolysates. Activated charcoal has been utilized to

remove pollutants in water and air due to its high adsorption

capacity. Treatment of the hydrolysate with Ca(OH)2 prior to

fermentation, referred to as over-liming, is one of the most

efficient detoxification methods and has been commonly

used in studies reported previously [7, 10, 11]. However, one

drawback with over-liming is the formation of a calcium

sulfate precipitate. Another limitation is a considerable

degradation of fermentable sugars if it is done under too

harsh conditions (high pH and high temperature). In addi-

tion, a very harsh over-liming condition might cause quan-

titative degradation of some inhibitors. Thus, detoxifying

treatment must be systematically evaluated to determine the

optimum conditions where a high improvement in ferment-

ability is achieved with the lowest sugar degradation [11].

Saccharomyces cerevisiae is the most widely used

microorganism in ethanol fermentation and has several

advantages including (1) its efficiency to produce ethanol

from hexoses without oxygen, (2) low pH and (3) high

tolerance to ethanol and inhibitors [12]. The development

of genetically engineered organisms that are able to fer-

ment all sugars in hydrolysates to ethanol remains a chal-

lenge for molecular biologists and engineers [13].

The objectives of this study are: (1) to investigate the

inhibitory effect of hydroxymethylfurfural and levulinic

acid on ethanol fermentation, (2) to compare microorgan-

ism for ethanol fermentation, (3) to remove the fermenta-

tion inhibitors in the hydrolysate of K. alvarezii.

Materials and methods

Seaweed sample

Specimens of K. alvarezii were collected from Karimunjawa

Island, Indonesia. The seaweed samples were rinsed in

distilled freshwater to eliminate salt and debris. The sam-

ples were dried in dry oven at 60 �C until it reached a

constant weight. The dried seaweeds were finely ground to

create a powder using a mortar for 5 min.

Hydrolysate of K. alvarezii

The hydrolysate of K. alvarezii was obtained by auto-

claving at 130 �C for 15 min by adding H2SO4.

Detoxification of hydrolysate

Two detoxification methods were used, i.e. activated

charcoal and over-liming. For the activated charcoals

method, various amounts of activated charcoal were added

to the hydrolysates at weight ratios of 0.005, 0.01, 0.03,

0.05, 0.1 and 0.15, then the samples were rotated at

130 rpm in a shaking incubator at 30 �C. For the over-

liming method, the hydrolysates were mixed with the dif-

ferent concentrations of Ca(OH)2 (0, 0.2, 0.5, 0.7 and 1%

w/v), then stirred for different times at room temperature.

Subsequently, both activated charcoals and Ca(OH)2 were

separated from the hydrolysates by filtration. The sugar

content and by-product formation in the filtrated samples

were then analyzes.

Ethanol fermentation

For ethanol fermentation, S. cerevisiae (JENICO, Korea)

and Pichia angophorae were used. The strains were

maintained in yeast medium containing 10 g yeast extract,

6.4 g urea and 20 g glucose per liter. Fermentation was

carried out in 3 and 100 mL volume. In the first experi-

ment, the ability of the two different yeast strains to fer-

ment the pure sugars and hydrolysate of K. alvarezii were

compared. In the second experiment, the ethanol ferment-

ability of detoxified hydrolysate was investigated.

Analysis of sugars, by-products and ethanol content

In order to measure the sugar content (glucose and

galactose) and by-product formation (HMF and levulinic

acid), all samples were analyzed by HPLC, which was

equipped with a RI detector and Alltech IOA 1000 organic

acid column (300 9 7.8 mm) maintained at 60 �C. The

mobile phase used was 0.005 N H2SO4 at a flow rate of

0.3 mL/min. The ethanol content was measured using Gas

Chromatography (Agilent model 6890 N, USA) with a

2B-WAX column (Agilent, USA) and FID detector. The

injection volume was 2 lL with the inlet split ratio 30:1.

The initial and maximum oven temperature was 35 and

250 �C, respectively.

Results and discussion

Fermentation of two yeast strains

To identify a microorganism able to utilize the sugars while

withstanding the inhibitory substances contained in

hydrolysates, the hydrolysate was fermented using two

strains, S. cerevisiae and P. angophorae. Figure 1 shows

the cell growth, ethanol production, and ethanol yield from

two strains. The cell growth of S. cerevisiae was higher

than P. angophorae. 6.0 g/L cell mass was obtained within

24 h of cultivation. However, 3.15 g/L of P. angophorae

was obtained within 24 h. In regards to ethanol production,
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S. cerevisiae and P. angophorae produced 6.8 and 3.0 g/L

of ethanol within 24 h, respectively. In regards to ethanol

yield, S. cerevisiae showed a higher ethanol yield (0.369 g/g

at 24 h) than P. angophorae (0.169 g/g at 24 h). Overall,

these results demonstrated that S. cerevisiae performed

better than P. angophorae in ethanol fermentation of the

hydrolysates.

Inhibitory effect of HMF and levulinic acid

The hydrolysate of K. alvarezii contained 0.89 ± 0.13 g

glucose, 23.90 ± 2.83 g galactose, 0.96 ± 0.50 g

5-hydroxymethylfurfural, and 4.23 ± 1.50 g levulinic acid

per liter (Table 1). The presence of by-product compounds in

hydrolysates is a major problem in bioethanol fermentation.

The experiments to examine the inhibitory effect of by-

produced were conducted using pure galactose, levulinic

acid and HMF, which were fermented by S. cerevisiae. As

shown in Fig. 2, HMF started to inhibit ethanol production at

a concentration of 0.05 g/L and strongly inhibit ethanol

production at concentrations greater than 0.5 g/L. In con-

trast, levulinic acid started to inhibit ethanol production at a

concentration of 0.5 g/L, strongly inhibited ethanol

production at a concentration of 2.5 g/L and completely

inhibited production at a concentration of 5 g/L.

Figure 3 shows the inhibiting effect of HMF and levu-

linic acid on cell growth. In the case of HMF, 0.25 g/L

HMF inhibited the cell growth by 15% relative to the

control (without inhibitors). When the HMF concentration

was greater than 0.5 g/L, cell growth was decreased by

27.2% relative to the control. At 5 g/L HMF, cell growth

was decreased by about 33.5% compared to the control. In

the case of levulinic acid, 0.25 g/L levulinic acid inhibited

cell growth by 9%, where 5 g/L of levulinic acid inhibited

growth by 63.6% relative to the control. Overall, levulinic

acid had a greater inhibitory effect than HMF. In several

studies, inhibition of cell growth was observed by both

HMF and levulinic acid. Delgenes et al. [14] reported that

1.5 g/L HMF completely inhibited cell growth of P. sti-

pitis. Alves et al. [3] also reported inhibition of cell growth

of S. cerevisiae at an HMF concentration of 1 g/L.

According to Martinez et al. [15] and Taherzadeh et al.

[16], the addition of HMF decreased ethanol production

and cell growth in E. coli cultivation.
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Fig. 1 Time course of cell growth (a), ethanol production (b) and

ethanol yield (c) of S. cerevisiae and P. angophorae

Table 1 The sugar and by-product compounds contained in hydro-

lysate of K. alvarezii

Compound Concentration (g/L)

Sugar Glucose 0.89 ± 0.13

Galactose 23.90 ± 2.83

By-product Levulinic acid 0.96 ± 0.50

HMF 4.23 ± 1.50
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Fig. 2 Inhibitory effect of HMF and levulinic acid on ethanol

fermentation, which contained 7 g galactose/L (a) and 20 g galactose/

L (b)
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Detoxification of hydrolysate

In order to improve ethanol fermentation, the hydrolysates

were detoxified with activated charcoal and over-liming. In

the activated charcoal method, different activated charcoal

concentrations and reaction times were used (Fig. 4). HMF

and levulinic acid concentrations were reduced signifi-

cantly at an activated charcoal concentration of 15% (w/v).

The removal of HMF and levulinic acid dramatically

increased at 1% (w/v) activated charcoal. When the acti-

vated charcoal concentration was greater than 1%, the

galactose content significantly decreased. The optimum

concentration of activated charcoal was 1% (w/v), where

the removal of glucose, galactose, levulinic acid and HMF

were 14.5, 20.3, 38.8 and 70.37%, respectively.

Figure 5 shows the reaction time on the removal of

fermentation inhibitors with activated charcoal. The con-

centration of galactose decreased linearly with reaction

time. On the other hand, the glucose concentration

decreased more gradually in removal rate than galactose.

The removal yield of galactose was 36% at 60 min,

whereas, the 18.7% of glucose was removed. The HMF

removal yield increased dramatically at 15 min. However,

the removal rate of levulinic acid only gradually increased.

The HMF removal yields were 11.1 and 70.4% at 15 min

and 30 min, respectively. Overall, the inhibitor (HMF and

levulinic acid) concentrations were found to decrease

abruptly within 30 min, then remained constantly. This

result shows that the activated charcoal can remove the

HMF and levulinic acid compounds within a short period.

In the study by Miyafuji et al. [17], the wood charcoals

were used to remove inhibitors of fermentation in the wood

hydrolysate. By removing the inhibitors, the fermentability

was enhanced. Hydrolysates treated with wood charcoal

prepared at various temperatures were fermented for

ethanol production, and the effects of the wood charcoal on

the fermentability of the hydrolysate were evaluated.

Figure 6 shows the results of detoxification using over-

liming of hydrolysate of K. alvarezii. The over-liming

treatment of hydrolysates with 1% (w/v) Ca(OH)2 for

30 min showed the highest removal rates of 50 and 70.1%

for levulinic acid and HMF, respectively. In addition, this

condition removes high amounts of galactose (78.4%) and

glucose (86.4%), respectively.

Figure 7 shows the reaction time on the removal of sugars

and fermentation inhibitors. The removal of fermentation

inhibitors dramatically decreased with an increase in reac-

tion time. In addition, a change in sugar concentration was

accompanied by removal rate. Therefore, the over-liming

method appears to be inefficient since it removes both sugars

and inhibitors. All the detoxification methods used in this

study resulted in a reduction in the inhibitor compounds

but the over-liming method also resulted in significant

sugar removal. The harsh alkaline conditions reduced both

HMF and levulinic acid (g/L)
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Fig. 5 Time-course effect on removal of galactose, glucose, hydroxy-

methylfurfural and levulinic acid by activated charcoal detoxification
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inhibitors and the amount of fermentable sugars. Previous

studies showed that Ca(OH)2 decreased the level of

fermentable sugar more than other alkali such as NaOH.

Calcium ions might catalyze alkaline degradation of mono-

saccharides in the over-liming process [10].

Ethanol fermentation of detoxified hydrolysates

Table 2 shows the results of fermentation after detoxifi-

cation. All hydrolysates were supplemented with nutrients

and contained the same sugar content in order to exclude

growth limitation due to nutritional deficiency. The results

of indicated that all detoxification methods were capable of

improving the yeast performance. The ethanol yield for the

detoxified samples at activated charcoal concentrations of

0.5, 1, 3, 5, 10 and 15% ranged between 0.31 and 35% of

the theoretical yield, which was higher than that of the raw

sample. However, there was still some inhibition in the

detoxified hydrolysates since the ethanol yields and pro-

ductivities were lower than those achieved with reference

fermentation containing only pure sugar and nutrients. The

low ethanol production can be explained by the remaining

HMF in the sample. There was still some inhibition in the

detoxified hydrolysates because the toxic compounds were

not completely removed by the detoxification treatments.

Conclusion

This work examined the effect of HMF and levulinic acid

on ethanol fermentation, and the removal of fermentation

inhibitors in the hydrolysate of K. alvarezii. The fermen-

tation inhibitors in the hydrolysate of K. alvarezii were

revealed to be hydroxymethylfurfural and levulinic acid.
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Fig. 6 Effect of Ca(OH)2 on the removal of galactose, glucose,
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Fig. 7 Time-course effect on the removal of galactose, glucose,

hydroxymethylfurfural and levulinic acid by over-liming detoxification

Table 2 Fermentation of detoxified hydrolysate compared with raw hydrolysate and control

After fermentationa Gal consumed

(g/L)

Glu ? Gal

consumed (g/L)

EtOH

(g/L)

Yp/s
b

(gal)

Yp/s
b

(gal ? glu)

Correspondent

to theoretical (%)
Glu (g/L) Gal (g/L)

Control (pure gal ? glu) 0.0 0.13 6.73 7.04 2.87 0.43 0.41 79.92

Hydrolysate 0.0 0.31 6.64 6.99 2.04 0.31 0.29 57.38

Detoxified with

0.5% AC 0.0 0.28 6.73 7.01 2.07 0.31 0.30 57.97

1.0% AC 0.0 0.28 6.66 6.97 2.34 0.35 0.34 65.84

3.0% AC 0.0 0.23 6.63 6.89 2.27 0.34 0.33 64.51

5.0% AC 0.0 0.12 7.00 7.29 2.28 0.33 0.31 61.43

10% AC 0.0 0.26 7.02 7.32 2.28 0.32 0.31 61.07

15% AC 0.0 0.26 6.66 6.95 2.21 0.33 0.32 62.40

AC Activated charcoal
a Initial glucose and galactose concentrations are 0.3 and 7 g/L, respectively
b Theoretical Yp/s is 0.51
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Inhibition of ethanol production by HMF started at 0.05 g/L

and ethanol production was strongly inhibited at concen-

trations greater than 0.5 g/L. In contrast, inhibition by

levulinic acid started at 0.5 g/L, strongly increase at 2.5 g/L

and complete inhibition was observed at 5 g/L. Overall,

levulinic acid was found to be more inhibitory than HMF.

In regards to ethanol fermentation, S. cerevisiae was shown

to be more productive than P. angophorae. During 24 h of

cultivation, cell growth, ethanol production, and ethanol

yield reached 6.0 g/L cell mass, 6.8 g/L ethanol, and

0.369 g/g, respectively. Both over-liming and activated

charcoal detoxification methods reduced the inhibitor

concentrations, but in the over-liming method, significant

sugar removal was also observed. The optimum concen-

tration of activated charcoal was determined to be 1% (w/v),

whereas the removal of levulinic acid and HMF were 38.8

and 70.37%, respectively. Activated charcoal can remove

HMF and levulinic acid over a very short period of time

(within 30 min). Fermentation of detoxified hydrolysate

produced a higher ethanol yield compared to the raw

hydrolysate but this yield was still lower than the control.

There was still some inhibition in the detoxified hydroly-

sates because the toxic compounds were not completely

removed by the detoxification methods.
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