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[bookmark: _Hlk495475023]Biohydrogen (BioH2) is considered a promising fuel characterized by the higher energetic content per units of mass, easy electricity production by fuel cells (FCs) that generate water as the only by-product. The objective of this study was to evaluate the continuous multiple tube reactor (CMTR) performance, which has internal surfaces in the tubes adapted to rotating screw model, in the continuous production of hydrogen. The useful volume of the reactor comprised 1065.5 mL. The reactor was operated under anaerobic conditions, with continuous ascending flow and kept in an air-conditioned chamber at 25 ºC. Two assays were conducted: E1: COD of 2 g  L-1, hydraulic retention time (HRT) of 2 h and organic loading rate (OLR) of 24 g L-1d-1; E2: COD - 4 g  L-1, HRT – 2h, OLR - 48 g COD L-1d-1. The monitoring to evaluate the reactor performance included chemical oxygen demand (COD) removal efficiency (ERCOD, %); sucrose conversion efficiency (ECsuc, %); biogas flow rate (Qbiogas, in mL h-1); hydrogen molar flow (MHFR, in mmol H2 h-1), hydrogen yield (HY, in mol H2 mol-1 sucrose) and volumetric hydrogen production rate (VHPR, in mL H2 L-1 d-1). The CMTR presented stability in H2 production, allowing the production maintenance for long operation periods. The tubes internal suface adaptation (rotating screw) improved the system performance, which indicated that the biomass retention was sufficient to attend the system necessity

Introduction

It is possible to realize that exists a worldwide strong tendency on prioritize research and development focused on technologies that use renewable sources to contribute with environmental sustainability. Between the alternatives, hydrogen technologies were considered as the fossil fuels successors, due to the fact that is a fuel with significant energetic value. Compared with others conventional fuels, BioH2 just produce water as a by-product, which means less pollutants production.
The hydrogen (H2) production presents four basic processes by non-fossils energy primary sources: (i) water electrolysis; (ii) thermochemical; (iii) radiolytic and (iv) biological processes (SHAHLAN et al., 2018). The anaerobic fermentation has been highlighted between the biological processes of H2 obtainment, especially on account of the higher production of this gas when compared to other biological processes, and the possibility of use and treatment of different residual materials as substrate (HAFEZ et al., 2010; HASYIM et al., 2011; LEE et al. 2008; SREETHAWONG et al., 2010; WEI et al., 2010; DE SÁ et al., 2014). 
Hydrogen production by fermentative processes is largely approached by literature on different reactors configurations, especially in continuous process and batch operation. But, many researches has reported about the maintenance difficulties on continuous production and high hydrogen rates by long operation times. It should be noted that exist many factors that can affect the continuous hydrogen production, such as pH, hydraulic retention time, temperature, carbon source, applied organic loading rate (OLR), metabolic paths involved and microbial diversity.

Some studies suggest that the instable hydrogen production can be related with the organic loading rate (OLR) or food-to-microorganism ratio (F/M), which can reach unfavourable values in the hydrogen production with the biomass increase in the reactor (ANZOLA-ROJAS et al., 2013; HAFEZ et al., 2010). 
In this context, Gomes et. al. (2015) propose a continuous multiple tube reactor configuration (CMTR) as an alternative to overcome the limitations related to specific organic loading rate (SOLR), gaining a continuous biomass discard by using higher superficial flow velocity in the tubes. However, the biomass retention in the system was low, prejudice the H2 production. So, the authors suggested that the internal surface of the tubes were adapted to rotating screw model, to improve the biomass retention in the reactor. 
Therefore, in this study was avaliated the hydrogen production in a CTMR which has the internal surface of the tubes adapted to rotating screw model, using sucrose as a carbon source, with mesophilic temperature conditions.

Material and Methods

Continuous Multiple Tube Reactor and experimental conditions

The CTMR used in this study was constructed with three compartments, as proposed by Gomes et al. (2015): charge and discharge chambers (manufactured in acrylic) and intermediary region (composed by 12 PVC tubes with external diameter and length of 12 and 680 mm respectively). The tubes internal surface were adapted to rotating screw model to increase the biomass adhesion on the wall. The reactor useful volume comprehended 1065.5 mL: 80 mL (charge chamber) + 545.5 mL (tubes zone) + 440 mL (discharge chamber). The experimental apparatus used and the constructive characteristics of the reactor were presented in Figure 1. 
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Figure 1 (a) Experimental apparatus and (b) Reactor constructive characteristics. Legend: 1-Synthetic wastewater reservoir; 2-Peristaltic pump; 3-Multiple tubes reactor; 4-Effluent outlet; 5-water seal; 6 -Gas meter
Fonte: Gomes et. al (2015)

The reactor was operation upflow and continuous flow and maintained in an acclimatized chamber with temperature of 25° C. The CMTR was fed with synthetic substrate with sucrose as carbon source. Two essays were carried out in the CMTR: essay 1 (E1) – organic loading rate (OLR) of 24 g DQO L-1d-1 (DQO affluent of 2000 mg L-1; hydraulic retention time (HRT) of 2 h) and essay 2 (E2) – OLR of 48 g DQO L-1d-1 (DQO affluent of 4000 mg DQO L-1; HRT of 2 h). The essays period comprehended 96 days. 

Synthetic Wastewater and Inoculum

The synthetic wastewater was based on sucrose (1781.24 mg L-1) and urea as carbon and nitrogen sources and nutrients solution (Del Nery, 1987, according to Lima e Zaiat, 2012). The DQO of synthetic wastewater was 2000 mg L-1 and C/N rate of 140 (ANZOLA-ROJAS 2010). The pH was adjusted to 6.5 with addition of 0.25 mL L-1 of hydrochloric acid solution (HCL) 12 M. The inoculum was obtained by natural fermentation process in accordance with the method described by Leite et al. (2008). Fifteen liters of synthetic substrate were prepared and maintained in an open vessel to promote the autofermentation in an ambient temperature (~25° C). After this period, the substrate was recirculated in the reactor for five days to promote the biomass adhesion in the tube walls.

Analytical methods  

The determined monitoring system parameters were pH, chemical oxygen demand (COD), total carbohydrates (TC), total suspended solids (TSS), volatile suspended solids (VSS) and volatile fatty acids (VFA), in samples collected four times per week. The pH, COD, TSS and VSS parameters were realized according to the Standard Methods for the Examination of Water and Wastewater (APHA, 2012). On the TC determination were used the method proposed by Dubois et al. (1956). 
The acids analysis (acetic, propionic, butyric, formic and lactic) were realized by high performance liquid chromatography (HPLC) in a Shimadzu® system equipped with Aminex® column HP-87H (300 mm x 7.8 mm Bio-Rad), CTO-20ª oven in a temperature of 64° C, CBM-20A controller, UV detector with diodes arrangement SPD-20ª in a 208nm wave length and LC-20AT pump. The mobile phase was composed by ultrapure water Milli-Q (Millipore®) acidified with 0.005 M of H2SO4 in a 0.5 mL.min-1 flow and injection volume of 20µL (LAZARO et al., 2014; PENTEADO et al., 2013). The reactor discharge samples were filtered in cellulose acetate membrane with porosity of 0.2 µm and acidified with H2SO4 (2 M) solution. 
The biogas flow was daily monitored by gasometer model MGC-1 V30 (Ritter®). For the biogas composition determination was used a needle with lock (model Sigma®) to collect 500 µL of gas in the reactor four times a week. The biogas constituent parts (hydrogen, carbon dioxide and methane) were determinated by gas chromatography in GC system 2010 (Shimadzu®), equipped with thermal conductivity detector (TCD), Supelco Carboxen® column 1010 Plot (30m x 0.53mm extern diameter, 0.30μm of thickness), using argonium as a carrier gas (make-up gas flow of 8 mL.min-1). The injector and detector temperature were 220° C and 230° C respectively. The column-heating ramp was 130° C to 135° C, in a rate of 46°C.min-1 during 6 minutes (PENTEADO et al., 2013). 
The response variables calculated by the determined parameters were COD removal (ERCOD, in %), sucrose conversion (%), biogas flow rate (Qbiogas, in mL.h-1), volumetric hydrogen production rate (VHPR, in mLH2.h-1.d-1), molar hydrogen flow rate (MHFR, in mmolH2.h-1), hydrogen yields (YH2, in molH2.mol-1 sucrose) and acids ratio.

Results and Discussion

In Table 1 are shown the medium values of the CMTR performance in E1 and E2 related to the following parameters: sucrose conversion, COD removal, biogas flow and composition (H2 e CO2), MHFR, YH2, and VHPR. The essay 2 (4000mg COD L-1; HRT = 2 h) presented better results to most of the parameters. In the essays 1 and 2, the carbohydrates conversion efficiency reached values superiors to 65% during all the operating period, which corroborate with the values reached by Fontes Lima e Zaiat (2012) (67.2 to 79.2%).
Comparing the results obtained with the literature, Anzola-Rojas et al. (2013), operating a downflow structured bed reactor fed by synthetic effluent based in sucrose (OLR of 24 g COD L-1d-1) reached the Qbiogas, VHPR and YH2 of 131.7 mL h-1, 20.83 mL.L-1.h-1 e 0.59 mol H2 mol-1 sucrose respectively, which can be comparable to E2 (Table 1). The VPHR (48.3 mL H2 h-1 L-1) was similar to Penteado et al. (2013), (47.3 mLH2 L-1 h-1) operating an Anaerobic Packed-Bed Reactor (APBR) in the same conditions as this study. In Estevam et al. (2018) the MHFR was 2.2 mmol H2 h-1 using an anaerobic reactor with mechanical agitation (AnsBBR), fed by brewery effluent, and obtained results closed to those founded in this study. 
Pachiega et al. (2018) observed higher performance that CMTR, operating a batch anaerobic reactor, with capacity of 2L, conducted by approximately 169h and fed with 2 g L-1 of sucrose. In this case, the YH2 values and carbohydrates consumption were respectively of 0.9 mol H2 mol-1 sucrose and 88.7%.

Table 1: Continuous multiple tube reactor performance in the assays E1 and E2
	Assay
	ERCOD (%)
	ECsucrose (%)
	Qbiogás (mL.h-1)
	H2 (%)
	CO2 (%)
	MHFR (mmol H2 h-1)
	HY (mol H2 mol-1 suc)
	VHPR (mL H2 L-1 h-1oi)

	E1
	19.1
	77.7
	89.9
	61.5
	38.5
	0.99
	0.48
	48.3

	E2
	17.5
	65.4
	103.7
	70.0
	30.0
	1.84
	0.51
	67.5



In Figure 2 are presented the time profiles of the parameters related to hydrogen production during the essays (biogas composition, MHFR, VHPR and HY). In E1 all the parameters presented high instability in the production during the operation period. On the other hand, E2 obtained higher gas production and stability than the first essay. On both essays, the production was maintained the entire experiment period, suggesting that the H2 production it is possible in this reactor configuration, especially with the grooves in the intern walls of the tubes.
The CMTR presented stability on the H2 production, allowing the production maintenance at long operation times. The H2 production period on the essays was superior to those observed in Anzola-Rojas et al. (2013), Fernandes et al (2013), Lima e Zaiat (2012) and Penteado et al. (2013).
The best CMTR performance in E2 was probably due to the biomass retention in the internal tube wall, which was sufficient to supply the biomass need in the system. As previously discussed, the biomass concentration in the reactor is a relevant factor to H2 production, been related on the literature the YH2 increasing with the biomass increasing as well (HAFEZ et al., 2010). In reactors with no fixed bed or support material can turn the biomass retention time on the system into critical values, under the minimum recommended (3h) to H2 production (HAFEZ et al., 2009).

	
	

	
	


Figure 2 Temporal profiles regarding the biogas and hydrogen production: (a) biogas flow rate, (b) volumetric hydrogen production rate, (c) molar hydrogen flow rate and (d) hydrogen yield. Legend: E1 ([image: ]) e E2 ([image: ])

Gomes et al. (2015), operating a CMTR in the same feed conditions (2 g L-1 e HRT  2h), observed that in their essays the hydrogen production decrease gradually in a few days of operation (10 to 24 days), ending by the 30th day. The authors supposing that the poor system performance could indicate that the intern surface of the PVC tubes probably did not supplied adequate conditions to the biomass fixation, and, as a result, the solids content was not sufficient to attend the biomass rates in the system. 
Figure 3 presents the results of the parameters related to sucrose conversion and biomass production in the essays. During all the reactor operation period the sucrose conversion was higher on the E1 (Figure 3a), with similar values than Anzola-Rojas et al. (2016). The effluent pH values were stables, with inferior values on E2 (3.34 to 4.13) (Figure 3b). In the E1, the pH varied of 3.6 to 5.1.
The effluent VSS data in the reactor can indicate that the biomass liberation was stable on E2 and relatively instable on E1 (Figura 3c). These results corroborate to those presented in Table 1, which showed the best performance on E2, probably due to the high biomass retention in the system.
In E1 and E2 the main metabolites generated on the fermentation were acetic and butyric acid with small concentrations of formic and propionic acids. The acid and butyric fermentation occurred mostly in pH of 5.5 to 6.5; when the pH of 4 to 5.5 is typical to ethanol fermentation (MURI et al., 2018). The predominance of acid final products during the H2 production is renowned for occurred in the acidogenic phase, which decrease the pH of the medium. 
It is known that the low pH value can prejudice the microorganism’s growth. Has been suggested that the acid absorption (normally followed by increase of the pH) that occurred during the production phase works as a detoxing process, initiated in response to the acid final products accumulation (ZHÃO et al., 2016). Maintinguer et al. (2008), Ramos & Silva (2018) e Ottaviano et al. (2017) also observed that the H2 production was dominated by butyric and acetic acids metabolic paths.






	
	

	


Figure 3 Reactor general performance  in the essays: (a) sucrose convertion; (b) pH variation in the effluent; and (c) VSS concentration in the efluente. Legend: E1 ([image: ]) e E2 ([image: ])

Conclusions

The CMTR presented stability in H2 production, allowing the production maintenance for long operation periods. The grooves made in the internal walls of the tube improve the system performance, which indicate that the biomass retention was sufficient to attend the system necessity. This way, this study points the technical viability of continuous hydrogen production in a continuous multiple tube reactor under mesophilic conditions. The main metabolic products were acetic and butyric acids, followed by a reduced ethanol content.
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MHFR (mmol H2 h-1)


E1	(d)
5	8	15	20	22	27	28	29	33	35	36	40	48	49	50	55	56	57	62	63	64	68	69	70	71	82	90	96	2.4299870301885414E-2	9.7849824171260952E-3	7.2068615669490479E-2	1.2883423271827001	0.27737406716070273	0.33012967555093442	7.9009749002796146E-3	4.856586659630914E-2	7.3272309304362321E-2	1.3457805886068559	0.1498516943209274	0.24899258469785457	0.42822346942763462	0.25277988471605056	0.67811573257260249	0.49599011961354511	0.50928665742658008	0.43128099272336345	0.40910997879335737	0.4647696003946451	2.5741162359041412	0.47349807242685243	0.62901394929471088	0.56327101805382584	0.52891385637349775	0.49784918936315442	0.14620786390600335	0.57409774186579998	E2	7	14	19	20	26	32	33	34	39	40	46	47	48	53	54	55	62	63	67	69	74	76	77	81	82	88	95	96	0.46261902041087599	8.6453500657654031E-2	0.38704854153298035	0.61406013740660359	0.89079559999705815	0.77011927009011427	0.88586677194886465	0.45993684605598584	0.58844415993420152	1.204832035870647	0.33365176404420621	0.3645514310096411	1.053199011385364	0.31667981421298752	0.75139512074033998	0.32336440132186167	0.28934913948739194	0.36599948724007331	0.15139519042372254	0.44981076325407582	9.8229014478892304E-2	0.33260963599009546	0.47175081758095444	0.37524300227067836	0.78161372305760124	0.15392829289513005	0.73689874125193555	0.49070415377315579	Operating period (d)

HY (m H2 mol-1 sucrose)


E1	(a)
5	8	13	15	19	20	21	22	26	27	28	29	33	34	35	36	39	40	47	48	49	50	54	55	56	57	61	62	63	64	68	69	70	71	75	76	82	83	85	89	90	91	92	96	51.467951647515456	85.237509139604768	80.825733300392486	75.852079056311467	81.348346800533307	55.200919072453736	55.448781359078389	84.174319812944944	87.461612257385951	81.392807553641319	77.432970523318517	95.111390484957809	89.596749330908622	67.597602825797438	79.097021271187302	61.973194587718403	76.628773129720813	84.194049260334523	66.251917865782545	77.293352195546873	78.294667931733287	73.251410059635205	64.503348203175705	75.132656158113264	84.428239154170683	84.502865846621546	52.169978696424721	64.408977356507634	71.31789982425893	93.056772868605947	73.228188479699199	65.971898685562508	78.42232605863903	76.509164724552392	68.097364931432807	74.168126239668752	81.225042244320647	76.275945965620423	68.48063755450471	82.606820345692867	79.747970144594078	83.943589951784787	79.765345222569621	77.990789779402093	E2	4	5	6	7	11	12	14	18	19	20	25	26	32	33	34	39	40	46	47	48	53	54	55	61	62	63	67	68	69	74	76	77	81	82	88	95	97	69.925006377408849	70.002173830257192	73.353368061865737	56.988528303652764	58.980963911770935	76.732883869101968	68.989870072842066	77.440720207071095	39.242253236487088	55.94974529737636	81.181864124462749	73.571136759256831	76.203145536697932	71.927006973370624	79.47981627957131	55.383041132329801	57.490154108528927	64.767838923742218	69.614924944465542	52.467167127653234	67.732505624250535	56.48096276566951	52.719827922136695	66.761911062329531	60.784167406428921	89.280657089661744	70.642525404808637	41.252866802253017	48.535699900912874	69.392812996008885	70.090907745934189	74.201863840986675	85.282091093761707	81.062040455115607	36.41353832298158	47.633161301495598	75.443654765611171	Operating period (d)

Sucrose conversion efficiency  (%)


E1	(b)
8	13	15	19	21	27	29	33	35	40	47	48	54	55	61	64	75	76	82	85	89	92	4.3	3.71	4.2	4.13	4.59	3.95	4.13	4.4400000000000004	4.4000000000000004	4.6900000000000004	4.46	4.5	5.0999999999999996	4.79	4.12	4.2300000000000004	3.26	4.4000000000000004	3.65	3.6	4.07	4.25	E2	5	11	14	18	19	25	26	33	34	40	46	53	63	69	76	81	88	95	97	3.59	3.85	4.13	3.71	3.88	3.81	3.35	3.58	3.44	2.5299999999999998	3.78	3.66	3.79	3.72	3.51	2.76	3.49	3.86	3.34	Operating period (d)

pH


E1	(c)
6	7	8	8	15	19	20	21	22	26	27	28	29	33	34	35	36	39	40	47	48	49	50	54	55	56	57	61	62	63	64	68	69	70	71	75	76	82	83	84	85	89	90	91	92	96	26.666666666683465	24.444444444387475	81.111111111119442	40.000000000000071	22.222222222222239	37.777777777777786	35.555555555555493	16.666666666666682	21.1111111111111	11.11111111111112	18.888888888888815	14.444444444444397	33.333333333333364	25.555555555555518	11.111111111111121	21.052631578947388	51.111111111111036	44.444444444444329	19.999999999999957	19.999999999999957	116.66666666666663	61.111111111111015	38.888888888888921	32.222222222222221	41.111111111111057	0	46.666666666666615	35.55555555555565	42.222222222222193	38.983050847457569	47.777777777777757	52.222222222222172	223.3333333333334	99.999999999999929	55.5555555555556	43.333333333333336	131.11111111111114	53.333333333333321	67.777777777777871	19.999999999999957	41.11111111111105	114.44444444444449	115.55555555555563	74.444444444444571	171.11111111111109	93.333333333333371	E2	12	14	18	19	20	25	26	32	33	34	46	47	48	53	54	55	61	62	63	67	68	69	74	76	95	97	21.111111111111097	31.111111111111232	192.22222222222231	45.555555555555628	16.666666666666682	37.777777777777779	57.777777777777892	32.222222222222221	30.000000000000089	46.666666666666615	18.888888888888815	34.444444444444507	24.444444444444528	66.666666666666572	65.555555555555586	72.222222222222285	24.444444444444525	26.666666666666661	55.555555555555451	33.333333333333364	54.444444444444457	51.111111111111185	42.2222222222222	33.333333333333364	41.11111111111105	83.333333333333414	Operating period (d)

VSS (mg L-1)
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