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In order to diversify the feedstock of raw materials for anaerobic digestion, macroalgae were  

investigated as a potential biomass. Particularly, Palmaria palmata and Saccharina latissima were 

tested for biogas production in semi-continuous reactors.  Palmaria palmata permitted a better 

production of methane than Saccharina latissima (320 mL CH4 gVS
-1

 vs 270 mL CH4 gVS
-1

). After a 

long period of operation (182 days), a decrease in reactor performances occurred above a specific 

loading rate of 408 gVS kgVSS
-1

d
-1

. This decrease was attributed to inhibition by potassium and 

sodium and these results were confirmed by additional batch experiments. Indeed, the initial methane 

production rate was reduced by 53% when potassium and sodium concentrations reached a 

concentration of 13.0 g L
-1

 for potassium and 4.1 g L
-1

 for sodium. It corresponds to the ones observed 

at semi-continuous reactor failure.  
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INTRODUCTION 

Marine biomass has been shown to be a good substrate for anaerobic digestion (Cecchi et al., 

1996). Moreover, it does not use terrestrial lands expected to produce food. However, the 

anaerobic digestion of seaweed could be difficult to operate. One of the problems is the 

composition of macroalgae, rich in ions such as SO4
2-

, Na
+
 and K

+
. These concentrations 

could lead to an inhibition of methanogens (Chen et al., 2007). The determination of 

inhibition levels is difficult since it depends on the concentration of inhibitors found in the 

medium, on the inoculum and on the nature of the substrate. Palmaria palmata (dulse) is 

generally used entirely for human food or for chemical additives extraction. Considering its 

biochemical composition (Briand and Morand, 1997)(MacArtain et al., 2007) and its capacity 

to be cultivated in large amounts, Palmaria palmata seems to be a good candidate for 

anaerobic digestion.. Contrary to Saccharina latissima which was already studied for 

anaerobic digestion (Chynoweth, 2002) (Vivekanand et al., 2011) (Nielsen and Heiske, 2011), 

it has never been the case for Palmaria palmata. The objective of this study was to evaluate 

the possibility to produce methane from Palmaria palmata and Saccharina latissima in semi-

continuous processes. The accumulation of potential inhibitors during the reaction such as 

Na
+
 or K

+
 was also studied, discussed and compared to batch results on cation inhibitions. 

 

MATERIAL AND METHODS 

Substrate (Palmaria palmata and Saccharina latissima) and inoculum 

Red seaweed Palmaria palmata and brown seaweed Saccharina latissima were collected in 

July 2010 at Lézardrieux (Côtes d’Armor. Brittany, France) by Aleor. The macroalgae were 

dried at 40°C for 24h and roughly chopped (≈ 2 x 2 cm). Palmaria palmata and Saccharina 

latissima contained respectively 48 and 61 g kg 
-1

 of Na
+
, 101 and 112 g kg

-1
 of K

+
 and 41 and 

23 g kg
-1

 of SO4
2-

. Inoculum originated from the outlet of an upflow anaerobic sludge blanket 

(UASB) reactor treating wastewater from a sugar industry. The anaerobic sludge presented 

VSS concentration of 23.3 g L
-1

 and sodium and potassium concentration of 3.0 g L
-1

 and 0.1 

g L
-1

, respectively. 

 

Analytical methods  

Total solids (TS), volatile solids (VS), were determined on dry macroalgae according to 

standard APHA methods (APHA et al., 1992). The Volatile Fatty Acids (VFA) concentration 
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in the reactor was measured using gas chromatography as described by Quéméneur et 

al.(Quéméneur et al., 2012). Cation and concentrations were determined by ion exchange 

chromatography (Dionex, ICS 3000) as described by (Jard et al., 2012). Biogas composition 

(CH4, CO2, H2, H2S and N2) was analyzed using gas chromatography as described in 

(Quéméneur et al., 2012). 

 

Biochemical methane potentials 

The biochemical methane potentials (BMP) were measured using the test originally proposed 

by Angelidaki and Sanders (Angelidaki and Sanders, 2004) and adapted as described by (Jard 

et al., 2012).  

 

Semi-continuous reactors 

Double-walled reactors of 3L useful volume were maintained at 35°C and were magnetically 

stirred. The biogas volume produced was measured and acquired on-line. Biogas composition 

was measured by daily sampling of the reactor headspace and analysed by gas 

chromatography. Two reactors were operated in parallel: one was fed with Palmaria palmata 

(RPP) and the other one with Saccharina latissima (RSL). Reactors were operated during 182 

days. This operation period was separated in four phases, each phase corresponding to an 

organic loading rate. All the details of operation and measurements were gathered in (Jard et 

al., 2012). The experiment consisted in 9 weeks acclimatation followed by an increasing 

loading rate period (from phase A to phase D), where both reactors RSL and RPP were fed 

every day. 

 

Inhibition studies 

Inhibition batch experiments were set up to investigate the specific methanogen activity of the 

inoculum with an increasing concentration of sodium and potassium provided through NaCl 

and KCl respectively.  

 

RESULTS 

The biochemical methane potentials of dry seaweeds were measured and considered as a 

“control” value for the study. The methane potential obtained with Palmaria palmata (257 ± 

22 mL CH4 gVS
-1

) was higher than the one with Saccharina latissima (209 ± 15 mL CH4 

gVS
-1

 gVS
-1

).  

 

Semi-continuous experiments 

The average methane yields were higher in average for RPP (Phases A: 316 mL CH4 gVS
-1

; 

B: 300 mL CH4 gVS
-1

; C: 321 mL CH4 gVS
-1

) than for RSL (Phases A: 295 mL CH4 gVS
-1

; 

B: 238 mL CH4 gVS
-1

) (Table 1). Methane yields obtained with RSL were in accordance with 

those obtained in previous semi-continuous experiments (between 200 and 300 mL CH4 gVS
-

1
) (Ostgaard et al., 1993)(Hanssen et al., 1987). This comparison could not be done for RPP 

since  no published data is available on the anaerobic digestion of Palmaria palmata up to 

date. A VS balance throughout the whole experiment showed that about half of the VS added 

was converted into biogas (54% for RPP and 47% for RSL). These macroalgae contain 

refractory compounds that ended up in the digestate.  

The anaerobic digestion performances during phase A (Table 1) were not influenced by 

cations concentrations. At the end of the week, the  biogas production rate did not exceed 290 

mL biogas d
-1, 

(endogenic methane production)indicating that organic matter was fully 

eliminated for both RPP and RSL. Therefore, an organic loading rate of 0.862 gVS L
-1

 d
-1

, 

that corresponds to concentrations in the reactor of 3.1 g L
-1

 of Na
+
 and 5.2 g L

-1
 of K

+
, did 

not impact the methane production. 
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Table 1: data (averaged) for reactors RSL and RPP for each operating phase. 

  Time Substrates Biogas production Potent inhibitors in 

reactor 

Batch modeled inhibition 

   Organic loading 

rate (OLR) 

 Biogas Methane Concentration3   

 Phase week OLR 

(gVS L
-1 

d-1) 

Specific 

OLR 

 (gVS 
kgVSS

-1 d-1) 

Hydraulic 

retention 

time (d) 

Final biogas 

production 

rate1  
(mL biogas 

min-1) 

CH4 

(%) 

Specific 

initial CH4 

rate  
(mL CH4 

d-1 gVS
-1) 

Decrease of 

specific 

initial CH4 
rate (%)2 

CH4 

yield  

(mL 
CH4 

gVS
-1) 

[Na+]  

(g L-1) 

[K+]    

(g L-1) 

Calculated 

initial CH4 

production 
rate 

 (ml CH4 d
-1 

gethanol
-1) 

Decrease of 

calculated 

initial CH4 
production 

rate (%) 

RSL A 3 0.866 166 76 106 52% 510 - 295 5.3 12.1 232 - 

B 7 1.733 348 38 420 52% 243 52% 238 5.6 15.8 153 34% 

C 9 2.174 453 33 831 31% 272 47% 137 6.0 17.1 125 46% 

RPP A 3 0.862 146 127 200 50% 908 - 316 3.1 5.2 589 - 

B 7 1.723 311 64 533 52% 588 35% 300 3.5 8.6 418 29% 

C 10 2.117 343 49 442 53% 646 29% 321 3.8 9.0 393 33% 

D 17 2.628 408 40 1840 40% 430 53% 257 4.1 13.0 284 52% 

1
: Calculated on the last 72h batch of the phase 

2
:compared to phase A. 

3
 The concentration of cations was 

determined at the end of each phase. The reproductibility of the method is 10% 

 

From phase C for RSL and at the end of phase D for RPP, an increase in volatile fatty acid 

concentration and a decrease in methane percentage in biogas were observed. Thus, the 

volume of methane produced decreased (compared to phase A) of 57% for RSL and of 17% 

for RPP (Table 1). The specific loading rate at this stage was 408 gVS kgVSS
-1

 d
-1

 for RPP 

and 453 gVSkgVSS
-1

 d
-1

 for RSL. These loading rates are in the range of common operating 

conditions for semi-continuous anaerobic digestion fed for example with fatty solid wastes 

(Martinez-Sosa et al., 2009). However, the Na
+
 and K

+
 concentrations were respectively 4.1 g 

L
-1

 and 13.0 g L
-1

. Sodium cation has been reported to cause moderate inhibition on 

methanogenic activity at 3.5-5.5 g L
-1

 and severe inhibition at a sodium concentration of 10-

16 g L
-1 

(Lema et al., 1987). The toxic effect of potassium is rarely reported in the literature. It 

was observed that a concentration between 5.8 g L
-1

 (Kugelman and McCarty, 1965) and 28.9 

g L
-1

 of K
+
 (Mouneimne et al., 2003) caused 50% of inhibition of acetate utilizing 

methanogens. Therefore, an inhibition due to a combined effect of sodium and potassium was 

suggested in this study. In order to examine this hypothesis, additional batch experiments 

were performed on cation inhibition. 

 

Na
+
 and K

+
 inhibition studies 

Batch studies were performed in order to check cation inhibitions with ethanol as a substrate. 

The inhibition was studied regarding the initial methane production rate and compared to the 

one observed in semi-continuous reactors. 

For RPP, this initial methane production rate was 35%, 29% and 53% (in phase B, C and D) 

of the initial methane production rate of phase A (Table 1). These results were similar to the 

decrease of the average methane specific rate observed in batch experiments (29%, 33% and 

52% of the maximum methane production) for similar cation concentrations. During the last 

phase, the decrease in initial methane production rate calculated from batch experiments 

(52%) or measured in reactors (53% for RPP) were similar. It confirms that the low methane 
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yield during the last phases for reactor RSL and RPP were induced by the decrease of initial 

methane production rate due to sodium and potassium concentrations in reactors.  

 

CONCLUSION 

In conclusion, it appears that i) Methane production in semi-continuous reactors was more 

efficient and stable with Palmaria palmata than with Saccharina latissima, ii) Depending on 

the organic loading rate applied, an increase in cations concentration has been observed 

inducing a decrease in the  anaerobic process efficiency. These results will be of a valuable 

assistance in the development of the anaerobic digestion of these macroalgae.  
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