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A B S T R A C T  

Among the main in dus trial waste waters, sug ar cane vinasse fig ures as an ac tual en vi ron men tal con cern, due to 
its pol lut ing po ten tial and large vol umes avail able, about 10 – 15  L per liter of ethanol. Mi croal gae im mo bi liza - 
tion in biopoly meric ma tri ces, such as al gi nate, rep re sents a promis ing strat egy for waste water treat ment aim - 
ing the re moval of nu tri ents. Al gi nate beads for im mo bi liza tion of Chloro phyceae mi croal gae D. sub spi ca tus 
were pre pared with dif fer ent biopoly mer and crosslink ing agent con cen tra tions. Al gi nate beads showed good 
sta bil ity in vinasse prob a bly owned to waste water high cal cium con tent. The growth of im mo bi lized and free 
mi croal gae in sug ar cane vinasse (bulk phase) and its po ten tial to re move potas sium, car bon and ni tro gen from 
this waste water were eval u ated. Im mo bi lized D. sub spi ca tus showed max i mum spe cific growth rate (μmax) of 
0.009 h - 1 for al gi nate beads (2%) crosslinked with 5% CaCl 2 , with 38, 27 and 28% of car bon, ni tro gen and 
potas sium re moval. Free mi croal gae cul ti va tion ex hibit two μmax of ap prox i mately 0.01 h - 1 (be tween 0 - 24  h 
and 48 – 72  h) and max i mum car bon, ni tro gen and potas sium re movals of 45, 49 and 8%, re spec tively. Potas - 
sium ad sorp tion by the biopoly mer ma trix was sig nif i cant, with max i mum re movals (37 and 35%) ob tained by 
blank and im mo bi lized mi croal gae al gi nate beads (2%) crosslinked with 10% CaCl 2 . Re sults in di cate in ter est - 
ing per spec tives for the use of D. sub spi ca tus im mo bi lized in al gi nate for re moval of nu tri ents from sug ar cane 
vinasse. 

1 . Introduction 

Brazil is cur rently the world's largest sug ar cane pro ducer, with an 
es ti mated to tal ethanol pro duc tion of ap prox i mately 30.2 bil lion liters 
of ethanol in 2019/ 20 ( CONAB, 2019 ). Vinasse is the main waste - 
water from the fer men ta tion – distillation process, avail able in large 
vol umes (about 10 – 15  L per liter of ethanol, de pend ing on the dis - 
tillery equip ment). Con cern ing its highly pol lut ing char ac ter, with 
high con cen tra tions of or ganic mat ter and low pH, many al ter na tives 
for the use and treat ment of vinasse have been pro posed, such as re cy - 
cling of vinasse in fer men ta tion, fer ti ga tion, con cen tra tion by evap o - 
ra tion, mi cro bial growth medium, en ergy pro duc tion, and raw ma te r - 
ial to pro duce live stock and poul try feed ( Campanhol et al., 2019 ; 
Christofoletti et al., 2013 ). Among these al ter na tives, fer ti ga tion is the 
most com monly used. How ever, fer ti ga tion is cur rently be ing ques - 

tioned due to its ef fects on the soil and on ground wa ter, caused by the 
leach ing of nu tri ents, such as potas sium. 

The use of sug ar cane vinasse as a growth medium for mi croal gae 
bio mass pro duc tion was first pro posed by Oliveira and Caceres 
(1986) , who used di luted vinasse for cul ti va tion of Chlorella vul garis . 
Other re cent study in ves ti gated the abil ity of Desmod esmus sub spi ca tus 
to re move ni tro gen and chem i cal oxy gen de mand (COD) from vinasse 
with mi croal gal bio mass pro duc tion ( de Mattos and Bastos, 2015 ). D. 
sub spi ca tus is a genus of Chloro phyceae mi croal gae nat u rally found in 
fresh wa ter, es pe cially in nu tri ent - rich en vi ron ments. They have been 
cul ti vated as free and im mo bi lized cells in in dus trial, do mes tic and ar - 
ti fi cial waste water show ing high cell vi a bil ity, tol er ance to pH and 
tem per a ture vari a tions, and sim i lar spe cific growth rates ( da Silva et 
al., 2017 ; Tsarenko et al., 2011 ). 

Im mo bi liza tion of mi croal gae has been con sid ered for sev eral 
biotech no log i cal ap pli ca tions over the last years. Cur rently, im mo bi - 
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lized mi croal gae, in a wide va ri ety of ma tri ces, are em ployed for bio - 
mass and metabo lite pro duc tion, biore me di a tion of waste waters, 
specif i cally, in the bio cap ture of nu tri ents and heavy met als. Im mo bi - 
liza tion of cells brings some ad van tages such as fa cil i tat ing cul ti va tion 
and easy bio mass har vest ing, en hanc ing cell tol er ance to un fa vor able 
en vi ron men tal con di tions (e.g. ex treme tem per a ture, acid ity, tox i - 
cants) and al low ing con tin u ous sys tem op er a tions ( de - Bashan and 
Bashan, 2010 ; Eroglu et al., 2015 ). 

Sev eral im mo bi liza tion tech niques are avail able, in clud ing ad sorp - 
tion, con fine ment in liq uid – liquid emul sions, cap ture on semi per me - 
able mem branes, co va lent cou pling, and gel en trap ment ( Mallick, 
2002 ). This lat ter is the most com monly used method and con sists of 
cap tur ing the cells in a three - dimensional gel ma trix, based on ei ther 
nat ural (agar, cel lu lose, al gi nate, pectin) or syn thetic (poly acry lamide, 
polyurethane, polyvinyl, polypropy lene) poly mers ( de - Bashan and 
Bashan, 2010 ; Hameed and Ebrahim, 2007 ; Moreno - Garrido, 2008 ). 
Al though syn thetic poly mers are re ported to be more sta ble in waste - 
water sam ples, nat ural poly mers al low higher nu tri ent/ prod uct dif fu - 
sion rates and can re duce the en vi ron men tal im pact ( de - Bashan and 
Bashan, 2010 ; Leenen et al., 1996 ). Be sides, in the case of vinasse 
treat ment or other nu tri ent rich waste water, beads could be re cov ered 
af ter cul ti va tion, dried and ap plied as soil fer til izer en hanc ing process 
sus tain abil ity ( Bettani et al., 2019 ; Rajendran et al., 2018 ). 

Re gard less the poly mer, the ma te r ial should be hy drophilic to al - 
low waste water dif fu sion into the bead. For mi croal gae, gel en trap - 
ment in nat ural poly sac cha ride ma tri ces is the most widely ap plied 
im mo bi liza tion tech nique. The char ac ter is tics and use ful se lec tion cri - 
te ria of poly mers used for cell im mo bi liza tion in waste water treat - 
ment is well de scribed in lit er a ture ( Leenen et al., 1996 ). 

Sodium al gi nate is com monly used to pro duce im mo bi liza tion ma - 
tri ces by en trap ment of mi croal gae and other mi cro bial cells due to its 
abil ity to form gel beads in the pres ence of mul ti va lent cations, such 
as Ca +2 . Al gi nate is an an ionic poly sac cha ride ex tracted from brown 
al gae, com posed of β - D - mannuronic (M) acids and α - L - guluronic (G) 
acid residues co va lently linked in vary ing pro por tions and se quen tial 
arrange ments, de pend ing on the al gi nate source. Cal cium in duced 
gela tion in al gi nate re sults from spe cific and strong in ter ac tions be - 
tween cal cium ions and gu luronate blocks. In this process, de scribed 
as the “egg - box” model, the sol vent is con fined in the in ter stices of a 
three - dimensional net work linked by junc tion zones that in volve co - 
op er a tive as so ci a tion of ex tended seg ments of the poly mer chains 
( Voo et al., 2011 ). 

The crosslink ing of al gi nate to form gel beads for cell im mo bi liza - 
tion is usu ally ob tained by ex ter nal gela tion with Ca +2 , also re ferred 
as “dif fu sion method” ( Ma et al., 1994 ; Smidsrød and Skjak - Bræk, 
1990 ). In this method, al gi nate - cell so lu tion is dripped into a so lu tion 
con tain ing Ca +2 , such as a cal cium chlo ride. The cations dif fuse from 
the con tin u ous phase into the in te rior of the al gi nate droplets and a 
gelled al gi nate ma trix is formed ( Paques et al., 2014 ). Ca +2 ions tend 
to crosslink the bead sur face first, draw ing the poly mer chains closer 
to form a less per me able sur face. This re sults in a ma trix with a highly 
crosslinked sur face and a less well crosslinked in te rior. Thus, one can 
con clude that there is an op ti mal amount of crosslinker that could be 
used to pro duce ma tri ces with the de sired char ac ter is tics ( Chan et al., 
2006 ). 

The ma jor ad van tages of mi croal gae im mo bi liza tion in al gi nate 
ma tri ces are re lated to its ease of process, non - toxicity, re versible na - 
ture, high re ten tion of cell vi a bil ity, trans parency, and cost ef fec tive 
( de - Bashan and Bashan, 2010 ). How ever, al gi nate gels are chem i cally 
un sta ble in the pres ence of cation chelat ing agents such as phos phate, 
lac tate or cit rate and to cations such as sodium and mag ne sium, 
which can dis place cal cium and lead to bead dis rup tion or dis so lu tion. 
Re moval of phos phate from the medium or pres ence of cal cium tend 
to im prove bead sta bil ity ( Voo et al., 2011 ). 

The phys i cal prop er ties of al gi nate gel beads, namely their me - 
chan i cal strength, sus cep ti bil ity to shrink age, poros ity and sta bil ity to - 
wards antigelling cations and chelat ing agents, are largely af fected by 
the char ac ter is tics (mo lar mass and G/ M blocks ra tio) and con cen tra - 
tion of the poly mer and the type and con cen tra tion of the crosslink ing 
agent ( Martinsen et al., 1989 ; Moreira et al., 2006 ). 

The aim of this study was to pro duce uni form and sta ble al gi nate 
beads, by vary ing the biopoly mer and crosslink ing so lu tion con cen tra - 
tions, for D. sub spi ca tus im mo bi liza tion and eval u ate its growth and 
po ten tial to re move potas sium, car bon and ni tro gen from sug ar cane 
vinasse. 

2 . Material and methods 

2. 1 . Material 

Medium vis cos ity sodium al gi nate, ex tracted from Macro cys tis 
pyrifera sea weed (Sigma – Aldrich, St. Louis, MO, USA) with a M/ G ra - 
tio of ap prox i mately 1.6 and an av er age mo lar mass (Mw) mea sured 
by gel per me ation chro matog ra phy of 1.61  ×  10 6  Da, and cal cium 
chlo ride di hy drate, CaCl 2 ·2H 2 O, (Synth, Di adema, Brazil) were used as 
biopoly mer and crosslink ing agent, re spec tively. Vinasse was col lected 
in a sug ar cane pro cess ing in dus try lo cated in the city of Araras (State 
of São Paulo, Brazil) di rectly from the dis til la tion columns at 95  °C. It 
was ho mog e nized, trans ferred to 2  L flasks and frozen stored at - 20  °C 
un til use. Vinasse was char ac ter ized ac cord ing to its phys i cal - chemical 
pa ra me ters ( Table 1 ). pH, to tal sol u ble solids, to tal solids, phos pho - 
rous, potas sium, cal cium, mag ne sium, sul fate, or ganic mat ter, iron, 
cop per, zinc and man ganese were de ter mined ac cord ing to waste - 
water stan dard meth ods ( APHA, 2005 ) and To tal Or ganic Car bon 
(TOC) and To tal Ni tro gen (TN) were mea sured by TOC - LCPN (Shi - 
madzu®, Tokyo, Japan). 

2. 2 . Blank alginate beads preparation 

Al gi nate so lu tions were pre pared by dis solv ing al gi nate (1, 2 or 
3% w/ v) in deion ized wa ter at 25  °C. The sys tem was main tained un - 
der con stant stir ring (1000  rpm) un til com plete dis so lu tion and ho - 
mog e niza tion of the ma te r ial (ap prox i mately 1  h). Aliquots of the 
poly meric so lu tion (12.5  mL) were dropped into 50  mL of a gen tly 
stirred crosslink ing so lu tion (CaCl 2 2, 5 or 10  g 100  mL - 1 ) us ing a 
peri staltic pump with a nee dle (BD Pre ci sion Glide™, 1.20  ×  40  mm) 
at tached to the tub ing. The gel so lu tion flow rate was ad justed to 
10  mL  min - 1 and the dis tance from the nee dle tip to the sur face of 
crosslink ing so lu tion was 10  cm. The beads were kept in the crosslink - 
ing so lu tion at 4  °C for 3  h for sta bi liza tion, col lected by fil tra tion and 
rinsed with deion ized wa ter. The biopoly mer and crosslink ing con cen - 

Table 1 
Physico - chemical char ac ter i za tion of vinasse. 

Parameter Result 

pH 4.5 
Total soluble solids (°Brix) 2.80 
Total solids (g L - 1 ) 26.80 
Total nitrogen (mg L - 1 ) 543.3 
Total organic carbon (mg L - 1 ) 7900 
Phosphorous (mg L - 1 P 2 O 5 ) 85.0 
Potassium (mg L - 1 K 2 O) 3923.3 
Calcium (mg L - 1 CaO) 680.0 
Magnesium (mg L - 1 MgO) 270.0 
Sulfate (mg L - 1 SO 4 ) 380.0 
Organic matter (mg L - 1 ) 13619.6 
Fe (mg L - 1 ) 18.3 
Cu (mg L - 1 ) 0.32 
Zn (mg L - 1 ) 0.47 
Mn (mg L - 1 ) 3.64 
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tra tions ranges were se lected ac cord ing to pre lim i nary tests and lit er a - 
ture data ( Huang et al., 2011 ; Lee et al., 2013 ). 

2. 3 . Immobilization of microalgae in alginate beads 

Green mi croal gae (Chloro phy tae) D. sub spi ca tus from cul ture col - 
lec tion of LAB MAC/ CCA/ UF S Car (Araras, Brazil) was main tained in 
BG11 me dia (30  mg  L - 1 K 2 HPO 4 , 75  mg  L - 1 MgSO 4 ·7H 2 O, 36  mg  L - 1 

CaCl 2 ·2H 2 O, 6  mg  L - 1 fer ric am mo nium cit rate, 1  mg  L - 1 Na 2 EDTA, 
6  mg  L - 1 cit ric acid, 20  mg  L - 1 Na 2 CO 3 , 1.5  g  L - 1 NaNO 3 , 72  mg  L - 1 

NaCl, 2.86  mg  L - 1 H 3 BO 3 , 1.81  mg  L - 1 MnCl 2 ·4H 2 O, 0.22  mg  L - 1 

ZnSO 4 ·7H 2 O, 0.39  mg  L - 1 NaMoO 4 ·2H 2 O, 0.079  mg  L - 1 CuSO 4 ·5H 2 O, 
and 0.04  mg  L - 1 CoCl 2 ·6H 2 O) ( Rippka et al., 1979 ). D. sub spi ca tus in - 
ocu lum was grown au totroph i cally in Flasks us ing BG11 me dia with 
pH 7.5, at 25  °C, aer a tion of 1VVM, 3× g me chanic ag i ta tion, and 
photo flux of 45  μmol  m - 2 s - 1 for at least seven days un til 1.8  g  L - 1 ( de 
Mattos and Bastos, 2015 ). 

Ap prox i mately 500  mL of a stock sus pen sion (1.8  g  L −1 ) of D. sub - 
spi ca tus was cen trifuged at 1844  g for 20  min. The cell residue was re - 
sus pended in 50  mL deion ized wa ter prior to use. The di luted al gal 
sus pen sion was mixed with 350  mL al gi nate so lu tion re sult ing in 
400  mL of an al gi nate - microalgae so lu tion (1, 2 or 3  g al gi nate 
100  mL - 1 ). The beads with im mo bi lized mi croal gae were pro duced as 
de scribed above for blank al gi nate beads. 

The im mo bi liza tion ef fi ciency (%IE) was cal cu lated by the ra tio of 
the vi able cell count (Neubauer Cham ber) in the al gi nate - microalgae 
so lu tion to the count in the CaCl 2 so lu tion af ter crosslink ing. 

2. 4 . Bead characterization 

The blank and im mo bi lized mi croal gae al gi nate beads were char - 
ac ter ized ac cord ing to the fol low ing meth ods. Vi sual ob ser va tions of 
beads were per formed con sid er ing as pects such as bead for ma tion, 
ho mo gene ity, pres ence of air bub bles and shape. 

2. 4. 1 . Average bead diameter 
Ten beads of each for mu la tion were mea sured at two dif fer ent po - 

si tions for av er age di am e ter cal cu la tion us ing soft ware Im age J®. 

2. 4. 2 . Chemical stability 
The chem i cal sta bil ity of the beads was de ter mined by ex pos ing 

them to the BG11 medium, dis tilled wa ter and vinasse. Thirty beads 
of each for mu la tion were im mersed in 10  mL of each liq uid medium 
(in trip li cate) and the num ber of in tact beads was vi su ally in spected 
and recorded daily for seven days ( Voo et al., 2011 ). The flasks were 
kept at 25  °C in the dark. 

2. 4. 3 . Mechanical properties 
The me chan i cal strength of sin gle beads was eval u ated by com - 

pres sion test us ing a TA.XT2 tex tur om e ter (Sta ble Mi cro Sys tem SMD, 
Sur rey, United King dom) equipped with a load cell of 1  kg. Com pres - 
sion was per formed un til 70% of sam ple de for ma tion at a com pres - 
sion speed of 0.05  mm  s - 1 , ac cord ing to method ol ogy adapted from 
Tomovic et al. (2015) . The dis tance be tween the probe (P/ 0.5, ra dius 
cylin der, di am e ter 12.7  mm) and the flat plate was ad justed to 
10  mm. The force re quired to per form 70% bead de for ma tion was 
recorded. Ten beads of each for mu la tion were eval u ated and the av er - 
age max i mum force (N) was reg is tered. 

2. 5 . Cultivation of free and immobilized microalgae in vinasse 

Se lected bead for mu la tions (ac cord ing to the char ac ter i za tion 
tests) were cho sen for mi croal gae cul ti va tion ex per i ments us ing 
vinasse as the growth medium. Vinasse was cen trifuged in a re frig er - 
ated cen trifuge (Solab® SL - 701, Piraci caba, SP, Brazil), at 20  °C and 

1844  g for 20  min, with pH ad justed to 7.6 and ster il ized for 20  min/ 
121  °C. A de fined amount of im mo bi lized cells (to tal beads pro duced 
with 12.5  mL of mi croal gae - alginate so lu tion) were added to 125  mL 
Er len meyer flasks con tain ing 25  mL vinasse and the flasks were kept 
un der con stant stir ring (100  rpm) and 25  °C in the dark to al low the 
het erotrophic mi croal gal growth. Sam ples were taken at 0, 6, 12, 24, 
48 and 72  h. The ex per i ments were made in trip li cate. Ten beads from 
each time in ter val were dis solved in 10  mL sodium cit rate so lu tion 
(3%) for vi able cell count ing in a Neubauer cham ber. The max i mum 
spe cific growth rate (μ max ) was es ti mated by the slope of the ex po nen - 
tial phase in the semi - log curves, i.e. ln (X/ Xo) vs. time, where Xo is 
the ini tial cell con cen tra tion and X is the cell con cen tra tion at ex per i - 
men tal times. Dur ing cul ti va tion, the av er age di am e ter of ten beads of 
each for mu la tion were mea sured at two dif fer ent po si tions for av er age 
cal cu la tion us ing the Soft ware Im age J®. Potas sium con tent in 
vinasse was mea sured by flame pho tom e try (DM - 62 Digimed®, São 
Paulo, Brazil) ( APHA, 2005 ), while TOC and TN were mea sured by 
TOC - LCPN (Shi madzu®, Tokyo, Japan). 

Blank al gi nate beads (same se lected for mu la tions for mi croal gae 
im mo bi liza tion), were pro duced and kept in the same cul ti va tion con - 
di tions to eval u ate the % potas sium re moval by the biopoly mer. 

Free mi croal gae cul ti va tion was con ducted in the same con di tions. 
Mi croal gal stock sus pen sion (1.8  mg  L - 1 ) was con cen trated as de - 
scribed in sec tion 2. 3 and re sus pended di rect in vinasse. Vi able cell 
count ing was mea sured at each time in ter val in the Neubauer cham - 
ber. Vinasse sam ples were cen trifuged for 20  min  at 20  °C and 1844  g 
be fore potas sium, TOC and TN quan tifi ca tion. 

2. 6 . Statistical analysis 

Analy sis of vari ance (ANOVA) and Tukey's test were ap plied to de - 
ter mine sta tis ti cally sig nif i cant dif fer ences (p  <  0.05) among av er - 
ages, us ing the Soft ware Sta tis tica V.1.1.5. 

3 . Results and discussion 

3. 1 . Alginate beads preparation 

Ad e quate con di tions for bead for ma tion (blank and with mi croal - 
gae) were tested by vary ing the al gi nate (1, 2 and 3% w/ v) and 
crosslink ing so lu tion (CaCl 2 2, 5 and 10% w/ v) con cen tra tions. Re - 
gard ing the biopoly mer con cen tra tion, 2% al gi nate beads showed ho - 
mo gene ity, reg u lar spher i cal shape and ad e quate tex ture. On the 
other hand, the low est biopoly mer con cen tra tion (1%) pro duced de - 
formed, frag ile - handled par ti cles with droplet shape and smaller di - 
am e ter, com pared to the other con cen tra tions tested, as shown in Fig. 
1 for al gi nate beads with im mo bi lized mi croal gae. In a pre vi ous 
study, Al - Hajry et al. (1999) ob tained de formed 1% al gi nate par ti cles 
com pared to higher poly mer con cen tra tions, sug gest ing that at 1% the 
sur face ten sion was not high enough to al low the for ma tion of a per - 
fect spher i cal al gi nate drop be fore im pact ing the cal cium chlo ride so - 
lu tion. In ad di tion, these au thors re ported stretch marks at 1% al gi - 
nate bead sur face, as ob served in the pre sent study. Bugarski et al. 
(1994) re ported the for ma tion of par ti cles with a long and thin neck, 
when al gi nate con cen tra tion de creased from 1.5 to 0.8%. These au - 
thors ob served a fil a ment con nect ing the new drop to the tip of the 
nee dle, re sult ing in droplet - shaped par ti cles. Al gi nate (3%) beads 
were ho moge nous and spher i cal, but beads were slightly flat tened. 
More over, drip ping 3% al gi nate so lu tion was hin dered due to its high 
vis cos ity, which would be come im prac ti ca ble for mi croal gae im mo bi - 
liza tion. 

The con cen tra tion of the CaCl 2 so lu tion, in the same biopoly mer 
con cen tra tion, did not al ter the vi sual as pect of the beads, ex cept for 
the 3% al gi nate bead crosslinked with 10% CaCl 2 which showed non - 
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Fig. 1 . Vi sual as pect of al gi nate beads with im mo bi lized mi croal gae pro duced with dif fer ent al gi nate and crosslink ing agent (CaCl 2 ) con cen tra tions. Al gi nate 1% 
(A - 2%, B - 5%, C - 10% CaCl 2 ), al gi nate 2% (D - 2%, E - 5%, F - 10% CaCl 2 ) and al gi nate 3% (G - 2%, H - 5%, I - 10% CaCl 2 ). 

spherical shape. The pres ence of mi croal gae also did not af fect the 
shape of the beads. 

Con sid er ing cell im mo bi liza tion ap pli ca tions, aim ing to ob tain 
meta bolic prod ucts or the re moval of pol lu tants, the size of the spher i - 
cal par ti cle con trols the rate of dif fu sion of sub strates and prod ucts. In 
gen eral, smaller par ti cles lead to higher through put or pro duc tiv ity of 
the process be cause the dif fu sion lim i ta tion in creases with par ti cle 
size, thereby lim it ing cel lu lar me tab o lism. The spheric ity of al gi nate 
par ti cles has a re mark able ef fect on their me chan i cal and chem i cal 
sta bil ity. Non - spherical shape of the par ti cles has been re ported to re - 
duce gel strength com pared to spher i cal par ti cles ( Lee et al., 2013 ). 
The av er age di am e ters of the al gi nate beads, with and with out mi - 
croal gae, are pre sented in Table 2 . As ob served, the in crease in the 
biopoly mer con cen tra tion tends to in crease the size of the bead. Beads 
with im mo bi lized mi croal gae were not sig nif i cantly dif fer ent in size. 

Table 2 
Av er age di am e ter of blank al gi nate beads and with mi croal gae pro duced with 
dif fer ent al gi nate con cen tra tions (1%, 2% and 3% w/ v) and dif fer ent 
crosslink ing so lu tion con cen tra tions (2%, 5% and 10% w/ v). 

Alginate (w/v) CaCl 2 (w/v) Average diameter (cm) 

  Blank beads Beads with microalgae 

1% 2% 0.231  ±  0.004 a,A 0.256  ±  0.011 a, A 

 5% 0.240  ±  0.012 a,b, A 0.258  ±  0.022 a, A 

 10% 0.261  ±  0.008 b, A 0.278  ±  0.033 a,b, A 

2% 2% 0.304  ±  0.013 c, A 0.306  ±  0.019 b,c, A 

 5% 0.301  ±  0.007 c, A 0.308  ±  0.020 c, A 

 10% 0.302  ±  0.019 c, A 0.308  ±  0.018 c, A 

3% 2% 0.320  ±  0.010 c,d, A 0.328  ±  0.019 d, A 

 5% 0.319  ±  0.004 c,d, A 0.324  ±  0.014 d, A 

 10% 0.342  ±  0.018 d,e, A 0.313  ±  0.022 d, A 

Av er age  ±  stan dard de vi a tion of 10 ex per i men tal de ter mi na tions. Same cap i - 
tal let ter in the same line and same lower - case let ter in the same col umn in di - 
cate no sig nif i cant dif fer ence (p  <  0.05) among av er ages by the Tukey test. 

3. 1. 1 . Chemical stability 
The chem i cal sta bil ity tests, which con sisted of count ing the re - 

main ing beads over seven days of im mer sion in 10  mL of dif fer ent so - 
lu tions (dis tilled wa ter, BG11 medium and vinasse) at 25  °C rel a tive 
to the num ber of beads ini tially added (30 beads), in di cated that for 
all con di tions tested there was no dis so lu tion of the beads, i.e., re cov - 
ery was 100% in all cases. De spite this, it was no ticed by tac tile per - 
cep tion that beads im mersed in BG11 medium and dis tilled wa ter 
were slightly more frag ile than beads im mersed in vinasse at the end 
of the in cu ba tion pe riod. The pres ence of chelat ing agents and no 
crosslink ing cations, such as sodium, pre sent at higher con cen tra tions 
in BG11 medium, may af fect the struc ture of the poly mer ma trix, 
weak en ing the cal cium - alginate elec tro sta tic in ter ac tions and in creas - 
ing the chain mo bil ity ( Voo et al., 2011 ). On the other hand, it is im - 
por tant to men tion that vinasse is rich in cal cium, which would help 
to strength the poly mer struc ture and hence bead sta bil ity. Leenen et 
al. (1996) ob served that Ca – Ba - alginate beads were com pletely dis - 
solved in a few days in do mes tic waste water, but the same beads 
showed only dis crete dis so lu tion, for as long as 120 days, when added 
to a medium with Ca +2 (2  mmol  L - 1 ) as a coun te rion in de pen dent of 
the Na + con cen tra tion. 

3. 1. 2 . Mechanical properties 
Com pres sive re sis tance of the beads usu ally in creases with in creas - 

ing con cen tra tion of the biopoly mer and the crosslink ing agent used 
( de - Bashan and Bashan, 2010 ). The re sults in Fig. 2 demon strate that 
the com pres sion force sig nif i cantly in creased by in creas ing the 
biopoly mer con cen tra tion from 1 to 3%. CaCl 2 crosslinked beads pre - 
pared with an al gi nate from the same source and with sim i lar M/ G ra - 
tio as the one used in our study, Kaygusuz et al. (2016) ob served that 
me chan i cal prop er ties of the beads in creased by a fac tor of ap prox i - 
mately 5 – 6 by in creas ing the al gi nate con cen tra tion form 1 – 4% (w/ v) 
at trib uted to a den si fi ca tion of biopoly meric ma trix. At higher con cen - 
tra tions, the num ber of crosslink ing points in creases and al gi nate 

Fig. 2 . Me chan i cal strength of blank al gi nate beads and beads with mi croal gae pro duced with dif fer ent al gi nate con cen tra tions (1%, 2% and 3% w/ v) and dif fer - 
ent crosslink ing so lu tion con cen tra tions (2%, 5% and 10% CaCl 2 ). (n  =  10, dif fer ent let ters in di cate sig nif i cant dif fer ences (p  <  0.05) by Tukey's test. 
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chains them selves can form ag gre gates via hy dro gen bond ing de creas - 
ing chain mo bil ity and there fore in creas ing me chan i cal re sis tance. 
The same trend is re ported by Kaklamani et al. (2014) for CaCl 2 
crosslinked hy dro gels formed by al gi nate so lu tions in the range of 
2.5 – 5% (w/ v). How ever, the in crease in the crosslinker con cen tra tion 
from 2 to 10% did not sig nif i cantly al ter bead re sis tance, ex pect for 
blank 3% al gi nate beads crosslinked with 10% CaCl 2 , which showed 
higher com pres sion force com pared to other crosslinker con cen tra - 
tions. Kaygusuz et al. (2016) also no ticed only slight dif fer ences in the 
me chan i cal re sis tance of al gi nate beads by in creas ing the crosslink ing 
agent (CaCl 2 ) con cen tra tion from 2 to 5% (w/ v). For al gi nates, the gel 
form ing abil ity de pends on the G - blocks bind ing di va lent cations. The 
ionic in ter ac tion be tween al gi nate chains and cal cium ions leads to 
the for ma tion of a three - dimensional poly mer net work. Gen er ally, an 
in crease in Ca +2 con cen tra tion in creases the gel net work tight en ing. 
How ever, it has been re ported that when there are suf fi cient Ca +2 to 
fill up the cav i ties formed by G - blocks of poly mer chains no fur ther 
changes are ob served. Typ i cal val ues for low G al gi nates are ap prox i - 
mately 0.1  mol  L - 1 Ca +2 ( Klokk and Melvik, 2002 ; Lee et al., 2013 ). 
Higher con cen tra tions of CaCl 2 tend to form more spher i cal beads and 
ho mo ge neous net work, be sides rapid bead en trap ment and sta bi liza - 
tion is at tained as a re sult of ac cel er ated gela tion ki net ics ( Lee et al., 
2013 ). The pres ence of mi croal gae caused no sig nif i cant ef fect in this 
pa ra me ter. 

3. 2 . Microalgae immobilization and cultivation in vinasse 

Since al gi nate (2%) pro duced sta ble spher i cal beads, in all CaCl 2 
con cen tra tion, by a sim ple and fast crosslink ing pro ce dure, they were 
cho sen to im mo bi lize D. sub spi ca tus and eval u ate its growth in sug ar - 
cane vinasse. As the crosslink ing de gree can have an im pact in the dif - 
fu sion be hav ior in side the poly mer ma trix, the ef fect of dif fer ent 
CaCl 2 con cen tra tions (2, 5 and 10%) were tested in terms of nor mal - 
ized bead di am e ter, mi croal gae growth, and TOC, TN and potas sium 
re moval from vinasse. 

Im mo bi liza tion of D. sub spi ca tus in 2% al gi nate beads was suc cess - 
fully achieved with % IE higher than 97%, for all crosslink ing con di - 
tions. The ex ter nally crosslinked cal cium al gi nate beads are more suit - 
able for cell en cap su la tion, dis play ing higher im mo bi liza tion ef fi - 
ciency, com pared to in ter nally crosslinked al gi nate beads. The dif fu - 
sion of Ca +2 ions from the crosslink ing so lu tion to the droplet sur face 
forms a less per me able sur face struc ture ( Chan et al., 2006 ). 

Nor mal ized av er age di am e ter of the beads (crosslinked with 2, 5 
and 10% CaCl 2 ) dur ing the 72  h of cul ti va tion in vinasse are shown in 
Fig. 3 . Af ter 24  h, the di am e ter of the beads crosslinked with 2% 
CaCl 2 showed a de creas ing pro file, in di cat ing a pos si ble bead dis so lu - 
tion. On the other hand, beads crosslinked with CaCl 2 5% ex hib ited 
swelling af ter 24  h and a ten dency to de crease in di am e ter af ter 48  h. 
The di am e ter of the beads crosslinked with 10% CaCl 2 showed an in - 
creas ing pro file, ob tain ing a max i mum di am e ter in 48  h with a slight 
de crease af ter that pe riod. It is im por tant to note that beads 
crosslinked with CaCl 2 10% un der went less ma trix swelling com pared 
to the ones crosslinked with CaCl 2 5%. This can be ex plained by the 
dif fu sive ef fect on the bead. Dif fu siv ity in the par ti cle can be af fected 
by the struc ture of the poly mer such as pore size, poly mer chain flex i - 
bil ity and den sity, and these fac tors are de pen dent on the con cen tra - 
tion of the poly mer and the crosslink ing agent. The in crease in Ca +2 

con cen tra tion in the crosslinker so lu tion tends to de crease the de gree 
of swelling of the poly mer ma trix, re flect ing the lower in crease in 
bead vol ume ( Bierhalz et al., 2014 ). 

Mi croal gae growth im mo bi lized in the al gi nate beads, as well as 
for free cell cul ti va tion, are shown in Fig. 4 . Growth pro file in the al - 
gi nate beads crosslinked with 5% CaCl 2 showed a de crease at 12  h 
with sub se quent growth. Im mo bi lized mi croal gae in beads crosslinked 
with 2% CaCl 2 showed a max i mum in 6  h, re main ing prac ti cally con - 

Fig. 3 . Nor mal ized av er age di am e ter of al gi nate beads with im mo bi lized mi - 
croal gae dur ing cul ti va tion in vinasse at 25  °C and 100  rpm. Al gi nate beads 
(2% w/ v) crosslinked with 2% CaCl 2 (■), 5% CaCl 2 (▲) and 10% CaCl 2 (♦). 

Fig. 4 . Growth pro file of im mo bi lized D. sub spi ca tus dur ing cul ti va tion in 
vinasse at 25  °C and 100  rpm. Al gi nate beads (2% w/ v) with im mo bi lized mi - 
croal gae crosslinked with 2% CaCl 2 (■), 5% CaCl 2 (▲), 10% CaCl 2 (♦) and 
free mi croal gae (•). 

stant un til the end of the ex per i ment. This may be re lated to the 
smaller di am e ter of the par ti cle and pos si ble bead wear. Cells im mo - 
bi lized in 10% CaCl 2 crosslinked beads, showed max i mum growth at 
12  h fol lowed by cell death, pos si bly caused by a lim i ta tion of nu tri - 
ent dif fu sion in side the bead. Max i mum spe cific growth rates (μ max ) 
for im mo bi lized D. sub spi ca tus in vinasse were in the or der of 0.001 
h - 1 (t g  =  693  h), 0.009 h - 1 (t g  =  77  h) and 0.002 h - 1 (t g  =  346  h) for 
al gi nate beads (2%) crosslinked with CaCl 2 2, 5 and 10% (w/ v), re - 
spec tively. Free mi croal gae cul ti va tion showed a con stant growth rate 
un til 48  h. Af ter that pe riod, there was a slight de crease in di cat ing a 
pos si ble con t a m i na tion of the medium ( de Mattos and Bastos, 2015 ). 
De spite be ing con sid ered as a great dis ad van tage of mi croal gae het - 
erotrophic cul ti va tion, con t a m i na tion is usu ally not quan ti fied in 
terms of growth ki net ics ( Perez - Garcia et al., 2011 ). Since vinasse has 
more than a sin gle as sim i l able car bon source to het erotrophic mi - 
croal gae, such as glu cose, glyc erol and or ganic com pounds with high 
mol e c u lar weight, di auxic growth could have hap pened ( Baroukh and 
Bernard, 2016 ), as shown by growth re cov ery at 72  h. So, two max i - 
mum spe cific growth rates of ap prox i mately 0.01 h - 1 (tg  =  66  h) were 
es ti mated, one be tween 0 - 24  h and the other be tween 48 - 72  h. The ef - 
fect of two dif fer ent car bon sources was bet ter per ceived for free mi - 
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croal gae since, in this case, the in ter ac tion be tween sub strates and 
cells is not mass trans fer lim ited. Un der op ti mized cul ti va tion con di - 
tions of aer a tion and mix ing, da Silva et al. (2017) re ported higher 
μ max (0.04 h - 1 ) for free cells of D. sub spi ca tus in vinasse at 25  °C in a 
batch re ac tor. Lower spe cific growth rates are ex pected com pared to 
free cells pos si bly due to lim i ta tion of nu tri ents and oxy gen dif fu sion 
through the im mo bi liza tion ma trix ( de - Bashan and Bashan, 2010 ). 

To tal or ganic car bon and ni tro gen pro files in the vinasse are 
shown in Fig. 5 A and B. A sim i lar trend was ob served re gard less of 
the crosslinker con cen tra tion used. Re movals of ap prox i mately 33, 38 
and 29% for car bon and 31, 27 and 34% for ni tro gen, af ter 72  h, were 
ob tained for ex per i ments with 2, 5 and 10% of CaCl 2 crosslinked 
beads, re spec tively. Al though mi croal gae spe cific growth rate was 
higher in the ex per i ment us ing beads crosslinked with 5% CaCl 2 , this 
sim i lar ity in the car bon and ni tro gen pro files may in di cate that these 
com pounds were also in cor po rated by the poly mer ma tri ces, not nec - 
es sar ily con sumed and con se quently not gen er at ing bio mass and prod - 
ucts via meta bolic path ways. In terms of waste water bi o log i cal treat - 
ment, this would be a fa vor able sit u a tion, i.e., car bon and ni tro gen re - 
moval with out con sid er able bio mass growth. For free mi croal gae, as a 
con se quence of cell growth, car bon and ni tro gen re moval ( Fig. 5 A and 
B) were 45% and 49%, re spec tively, af ter 72  h. 

Potas sium con cen tra tion dur ing cul ti va tion of im mo bi lized D. sub - 
spi ca tus in vinasse is shown in Fig. 5 C. When al gi nate beads 
crosslinked with 10% CaCl 2 were used as sup port ma trix, a re moval of 
35% of the ini tial potas sium con cen tra tion was achieved, while the 
re moval us ing 2% and 5% CaCl 2 al gi nate beads, were 25 and 28%, re - 
spec tively. It has been re ported that some poly mers are able to ad sorb 
nu tri ents, which could en hance the ef fi ciency of im mo bi lized cells in 
waste water treat ment ( Khorasani and Shojaosadati, 2019 ; Mallick and 

Ray, 1994 ; Wang et al., 2016 ). The struc ture of al gi nate gel ma trix is 
ruled by the ki net ics of its for ma tion, which in turn af fects dif fu sion 
of solutes in the beads. Dur ing the for ma tion of cross - linked al gi nate 
beads, dif fu sion of Ca into the al gi nate droplet and the self - diffusion 
of al gi nate mol e cules to wards an in ward mov ing cal cium - induced 
gelling zone could lead to a high al gi nate con cen tra tion at the Ca +2 - 
alginate in ter face ( Chan et al., 2006 ; Paques et al., 2014 ; Skjak - Bræk 
et al., 1989 ). So, in the higher CaCl 2 con cen tra tion (10%), a denser 
Ca - alginate in ter face would be formed en hanc ing potas sium up take by 
the poly mer. In ad di tion, a lower de gree of crosslink ing may be as so - 
ci ated with a higher poros ity of the ma trix fa cil i tat ing the dif fu sion of 
nu tri ents through the ma trix. In the case of al gi nate beads crosslinked 
with 2% CaCl 2 , a slight in crease in the potas sium con cen tra tion (in 
bulk so lu tion) is ob served af ter 24  h, which could in di cate poly mer 
desta bi liza tion, con firmed by the re duc tion of the bead di am e ter, es - 
pe cially for the beads crosslinked with 2% CaCl 2 . For free mi croal gae 
the max i mum potas sium re moval was 8% af ter 72  h, in di cat ing a sig - 
nif i cant ad sorp tion by the biopoly mer. Potas sium up take is most 
likely to have oc cur as a func tion of chem i cal equi lib rium rather than 
meta bolic con sump tion by cells. Berry et al. (2003) re ported potas - 
sium ac cu mu la tion by cyanobac te ria An abaena and Ana cys tisin in pho - 
toau totrophic growth at 25  °C with lu mi nosi ties of up to 15  nmol  m - 2 

s - 1 . Ac cord ing to these au thors, halophilic cyanobac te ria show dif fer - 
ent mech a nisms of ions trans fer de pend ing on potas sium avail abil ity. 
At low potas sium en vi ron ments, ac tive trans port is re quired. Con sid - 
er ing the high potas sium con cen tra tion in vinasse, pas sive trans port 
prob a bly oc curred due to con cen tra tion gra di ent. Al though the im por - 
tance of trans port and ac cu mu la tion of ions for mi croal gae and 
cyanobac te ria cul ti va tion, with po ten tial ap pli ca tions on waste water 
treat ment, few re searches evince these as pects ( Alahari et al., 2001 ; 

Fig. 5 . To tal or ganic car bon (A), to tal ni tro gen (B) and potas sium (C) con cen tra tion in vinasse dur ing cul ti va tion at 25  °C and 100  rpm. Al gi nate beads (2% w/ v) 
with im mo bi lized mi croal gae crosslinked with 2% CaCl 2 (■), 5% CaCl 2 (▲), 10% CaCl 2 (♦), and free mi croal gae (•). 
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Berry et al., 2003 ; Reed et al., 1981 ). For mi croal gae, ab sorp tion is 
the main mech a nism for nu tri ent re moval, with a di rect re la tion ship 
be tween spe cific growth rate and nu tri ent re moval, as for potas sium 
( Xin et al., 2010 ). Other nu tri ents, such as ni tro gen and phos pho rous 
can be used for cell growth and ef fi cient re moval from waste waters 
with ad e quate N/ P ra tios. This is ev i denced by car bon and ni tro gen 
up take, which were higher for free mi croal gae com pared to im mo bi - 
lized cells ( Fig. 5 A and B), pos si ble due to lower dif fu sional re stric - 
tions and there fore higher growth rates. 

Since potas sium is one of the most im por tant nu tri ents in vinasse 
com po si tion, not read ily re moved bi o log i cally, potas sium re moval by 
blank al gi nate beads (with out mi croal gae) were eval u ated ( Fig. 6 ). In 
con tact with vinasse, blank al gi nate beads showed, in gen eral, a 
slightly lower % potas sium re moval when com pared to beads con tain - 
ing mi croal gae cells ( Fig. 5 C). Blank al gi nate beads crosslinked with 
2, 5 and 10% CaCl 2 pro moted max i mum potas sium re moval from 
vinasse of 17, 27 and 37%, re spec tively, show ing the same trend ob - 
served for al gi nate beads with mi croal gae, i.e. great est re moval in the 
first hour of con tact with the waste water. It is im por tant to note that 
there may have been a re stric tion on the dif fu sion of nu tri ents in the 
beads crosslinked with higher CaCl 2 con cen tra tion, ex hibit ing sim i lar 
potas sium re moval for the treat ment with blank and mi croal gae - 
containing beads. 

4 . Conclusions 

Sta ble, uni form and spher i cal al gi nate beads for im mo bi liza tion of 
mi croal gae D. sub spi ca tus were suc cess fully pro duced. Re gard ing the 
biopoly mer con cen tra tion range tested, 2% al gi nate leads to the more 
suit able poly meric ma tri ces, in terms of bead char ac ter is tics and 
process prac ti ca bil ity. Bead di am e ter and me chan i cal strength in - 
creased by in creas ing the al gi nate con cen tra tion. The pres ence of mi - 
croal gae did not sig nif i cantly al ter bead prop er ties. All beads pro - 
duced showed good chem i cal sta bil ity (100% bead re cov ery) af ter 7 
days of con tact with dif fer ent liq uid me dia (wa ter, BG11 growth 
medium and vinasse). Im mo bi lized D. sub spi ca tus in al gi nate (2%) 
beads crosslinked with dif fer ent CaCl 2 con cen tra tions (2, 5 and 10%) 
were able to grow and re move sig nif i cant amounts of potas sium, car - 
bon and ni tro gen from vinasse. The re sults in di cate good per spec tives 
for the use of these im mo bi lized mi croal gae for re moval of nu tri ents 
from vinasse. 

Fig. 6 . Potas sium con cen tra tion in vinasse un der cul ti va tion con di tions at 
25  °C and 100  rpm and pres ence of blank (with out mi croal gae) al gi nate beads 
(2% w/ v) crosslinked with 2% CaCl 2 (□), 5% CaCl 2 (Δ) and 10% CaCl 2 (⋄). 
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