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A B S T R A C T   

Ion exchange technology removes ionic compounds from waters effectively but treatment of the spent regenerant 
is expensive. The bioregeneration of sulfate-laden strong base anion exchange resin was successfully tested using 
both pure and mixed sulfate-reducing bacterial cultures. The resin was first used for removal of sulfate from 
neutral (pH 6.7 ± 0.5) synthetic sodium sulfate solutions, after which the spent resin was regenerated by 
incubating with a viable sulfate-reducing bacterial culture in batch and column modes. In the batch bio-
regeneration tests, the achieved bioregeneration was 36–95% of the original capacity of the fresh resin (112 mg 
SO4

2− /g) and it increased with regeneration time (1–14 days). The capacity achieved in the column tests during 
24 hours of bioregeneration was 107 mg SO4

2− /g after the first regeneration cycle. During the bioregeneration, 
sulfate was mainly reduced by the sulfate-reducing bacteria (approx. 60%), but part of it was only detached from 
the resins (approx. 30%). The resin-attached sulfate was most likely replaced with ions present in the liquid 
sulfate-reducing bacterial culture (e.g., HCO3

− , HS− , and Cl− ). During the subsequent exhaustion cycles with the 
bioregenerated resin, the pH of the treated sodium sulfate solution increased from the original 6.7 ± 0.5 to 
around 9. The study showed that biological sulfate reduction could be used for sulfate removal in combination 
with ion exchange, and that the exhausted ion exchange resins could be regenerated using a liquid sulfate- 
reducing bacterial culture without producing any brine.   

1. Introduction 

Leakage of sulfate-containing mining-impacted waters (MIWs) into 
the environment has taken place repeatedly around the world, causing 
salinization of natural water bodies and affecting aquatic ecosystems. 
Sulfate dissolves readily from crushed sulfide minerals via chemical and 
microbial reactions, e.g., in open pits, waste rock piles, mine shafts, and 
tailings ponds, in both operational and closed mine sites (Naidu et al., 
2019). In Finland, limits for sulfate discharge are specific to each mine 
and range from 1000 to 4000 mg/L (Aluehallintovirasto, 2017, 2016, 
2015, 2013). However, environmental permits have become stricter in 
recent years and more attention is being paid to the environmental 
impacts of mining. 

Conventionally, sulfate is removed from industrial wastewaters by 
chemical precipitation with lime. However, due to the solubility of 
calcium sulfate (CaSO4), it can result in sulfate concentrations of only 
1500–2000 mg/L (Tolonen et al., 2016). Thus, additional treatment 
methods are often necessary. Lower sulfate concentrations can be ach-
ieved with membrane filtration processes, ion exchange, or biological 
sulfate reduction, for example (Runtti et al., 2018). Membrane 

processes, i.e., nanofiltration and reverse osmosis, can remove over 95% 
of sulfate even from feed water sulfate concentrations of several grams 
per liter (Bódalo et al., 2004; Mullett et al., 2014). However, these 
methods incur high energy consumption and operational costs. 

Biological sulfate reduction is a widely studied method, but there are 
only a couple of commercial-scale bioreactor applications available 
(Johnson and Santos, 2020). Sulfate-reducing bacteria (SRB) convert 
soluble sulfate to sulfide-sulfur while oxidizing organic carbon sources, 
especially organic acids. The sulfide-S formed usually occurs as 
hydrogen sulfide (H2S) at pH values below 6.9 and as hydrosulfide (HS− ) 
between pH 7 and 13, and combines with many mono- and divalent 
metals forming insoluble sulfide phases (Lewis, 2010). Thus, one of the 
advantages of biological sulfate reduction as a water treatment method 
is the possibility to utilize the sulfide-S formed for precipitating the 
transition metals present in the water. In active bioreactor systems, 
precipitation can be performed before the water is fed into the biore-
actor, so that the inhibitory effect of the metals is avoided and recovery 
of metal sulfides is easier (Boonstra et al., 1999; Bratty et al., 2006). 
However, biological sulfate reduction is more commonly used in passive 
processes for treatment of MIWs at closed mine sites (Ali et al., 2019). 
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Ion exchange is a commercially used method for removing contam-
inants from water, based on the electronic charges of the ions. Anionic 
compounds, such as sulfate (SO4

2− ), are removed with weak or strong 
base anion exchangers containing positively charged functional groups, 
and metal cations are removed with weak or strong acid cation ex-
changers containing negatively charged functional groups. Commercial 
ion exchangers are usually petroleum-based resins, but many novel bio- 
based materials have also been proposed (Gogoi et al., 2021; Keränen 
et al., 2013). Exhausted selective resins are usually incinerated after 
disposal as they cannot be effectively regenerated, and non-selective 
resins are reused after regeneration with brine or concentrated acid or 
base solutions (Sharbatmaleki et al., 2015). For example, for 
non-selective strong base anion exchange (SBA) resins, usually 
0.50–1.25 M NaOH is used as the regenerant. Regeneration, however, 
results in waste brine which needs to be further treated or disposed of 
(Ebrahimi and Roberts, 2013; Sharbatmaleki et al., 2015). To increase 
the sustainability of ion exchange, biological regeneration has been 
proposed as a solution to overcome the disadvantages. 

In biological regeneration, microbial metabolism is exploited either 
for the oxidation or reduction of the contaminants attached to ion ex-
change resins or adsorbents. Bioregeneration has previously been tested 
for nitrate-, sulfate-, and perchlorate-laden materials, macroporous and 
gel-type resins as well as lignocellulose-based biosorbents (Bae and 
Nam, 2014; Ebrahimi and Roberts, 2013; Ren et al., 2017, 2015; Shar-
batmaleki and Batista, 2012; Venkatesan et al., 2010), and for activated 
carbon exhausted with fenolic compounds (Ha et al., 2000; Vin-
itnantharat et al., 2001) or trichloroethylene (Nakano et al., 2000). In 
the reported studies, bioregeneration based on microbial reduction was 
efficient for several cycles, but some biofouling causing minor losses in 
exchange or adsorption capacities was detected. Biological oxidation of 
organic compounds adsorbed to activated carbon have resulted in more 
variable efficiencies due to the difficulty of desorption and degradation 
of the adsorbates, formation of degradation products, and biofouling 
(Gamal et al., 2018; Nath and Bhakhar, 2011). 

Bioregeneration of sulfate- and nitrate-laden nitrate-selective SBA 
resin has been successfully tested using a mixed consortium of deni-
trifying and sulfate-reducing bacteria (Bae and Nam, 2014). In the 
present research, bioregeneration of sulfate-laden, non-selective anion 
exchange resin was studied using SRB alone. SRB can be cultivated 
either as pure cultures consisting of a single SRB strain or as more 
diverse mixed cultures. The use of mixed cultures also containing mi-
crobes other than SRB has some advantages compared to the use of pure 
cultures, such as a lower risk of contamination by other organisms, 
enhanced adaptation to changes in growth conditions, and more 
comprehensive utilization of substrates (Boothman et al., 2006; White 
et al., 1998). The effect of both mixed and pure SRB cultures on bio-
regeneration efficiency was investigated, whereas most of the studies 
regarding bioregeneration of ion exchange resins have exploited only 
mixed bacterial cultures. In addition, valuable information on the sur-
face properties of bioregenerated resins was gained by X-ray photo-
electron spectroscopy (XPS) and field-emission scanning electron 
microscopy (FESEM). 

2. Materials and methods 

2.1. Sulfate-reducing bacterial cultures 

The mixed SRB consortium was enriched from a sediment sample 
from the Lapland region of Finland, described in a previous study 
(Virpiranta et al., 2019). The consortium was acclimatized to a tem-
perature of 6 ◦C using succinate as the electron donor. Characterization 
by 16S rRNA sequencing revealed that approximately 19% of the bac-
teria were SRB, most of them belonging to the genus Desulfobulbus. 

Desulfobulbus sp. was isolated from the mixed consortium by serial 
dilution and the streak plate method on modified Postgate agar plates 
(0.5 g/L K2HPO4, 1.0 g/L NH4Cl, 1.0 g/L Na2SO4, 0.1 g/L CaCl2•2H2O, 

2.0 g/L MgSO4•7H2O, 0.25 g/L yeast extract, 0.5 g/L FeSO4•7H2O, 0.2 
g/L ascorbic acid, 4.0 g/L succinic acid disodium salt, 15.0 g/L agar). 
The plates were incubated in anaerobic jars containing AnaeroGen sa-
chets (Thermo Fisher Scientific, U.S.) and anaerobic indicators at 6 ◦C. 
When colonies with black iron sulfide precipitate were detected, the 
obtained strains were re-streaked on the Petri dishes containing modi-
fied Postgate agar medium, from which the samples for 16S rRNA 
sequencing and liquid media inoculation were taken with a sterile, 
disposable loop. 

The liquid SRB cultures for batch bioregeneration experiments were 
enriched by incubating the mixed or pure cultures as batch cultivations 
for 2–6 or 3–7 weeks, respectively, at 6 ◦C in the modified Postgate 
medium with succinate as a carbon source. For the column bio-
regeneration experiments, the pure SRB cultures were precultivated for 
5–6 weeks. The components of the modified Postgate medium (0.25 g/L 
K2HPO4, 0.5 g/L NH4Cl, 1.0 g/L Na2SO4, 0.1 g/L CaCl2•2H2O, 2.0 g/L 
MgSO4•7H2O, 0.1 g/L yeast extract, 0.5 g/L FeSO4•7H2O, 0.2 g/L 
ascorbic acid), excluding sodium succinate, were dissolved in deionized 
water. The pH was adjusted to 7.8 with NaOH, and the solution was 
poured into 250 mL glass bottles before autoclaving the medium at 
121 ◦C for 20 minutes. The bottles were sealed with screw caps with 
septa, and after autoclaving and cooling to 6 ◦C, sodium succinate so-
lution was added aseptically to give a succinate concentration of 2.65 g/ 
L. The bottles were then inoculated with the pure and mixed SRB cul-
tures. The initial SO4

2− concentration in the cultivation medium was 
approximately 1.6 g/L. All the chemicals used in the media were of 
analytical grade. 

2.2. Batch tests 

A commercial, gel-type Amberjet 4200 Cl SBA resin (Rohm and Haas, 
U.S.) was used in all the ion exchange and bioregeneration tests. This 
resin consists of a styrene divinylbenzene copolymer matrix and has 
trimethyl ammonium as a functional group. At the beginning of the 
experiments, the fresh resin was in chloride (Cl− ) form. Three cycles of 
batch ion exchange and bioregeneration tests were conducted in sterile 
50 mL centrifuge tubes to test the bioregeneration efficiency. Into each 
tube, 0.225 g (5 g/L) of Amberjet 4200 Cl resin was weighed, followed 
by the addition of 45 mL of sterile synthetic Na2SO4 solution containing 
1 g/L SO4

2− . The initial pH of the Na2SO4 solution was 6.2–7.2. The tubes 
were shaken in a horizontally rotating shaker (18 rpm) for 1 h at room 
temperature (RT, approx. 22 ◦C). The treated Na2SO4 solution was 
decanted out of the tubes and the spent resins were washed twice with 
12.5 mL of sterile Milli-Q water (Merck Millipore, U.S.). The Hach Lange 
sulfate cuvette tests LCK 353 or LCK 153 and a UV/Vis Spectropho-
tometer DR 2800 were used for determining the residual SO4

2− concen-
trations. The concentration of SO4

2− in the wash water was considered in 
the mass balance calculations. The initial and final pH values of the 
solutions were measured using a Hanna Instruments HI-2210 pH meter 
equipped with a Hamilton EasyFerm Plus electrode PHI K8 200. 

The SO4
2− exchange capacity q (mg SO4

2− /g) of the resin was calcu-
lated using Eq. (1), where c0 is the initial SO4

2− concentration of the 
solution (1000 mg/L), cr is the residual SO4

2− concentration of the so-
lution (mg/L), V is the volume of the solution (0.045 L), and m is the 
mass of the resin (0.225 g): 

q =
(c0 − cr)V

m
(1) 

Bioregeneration of the spent resins was initiated by anaerobically 
adding 45 mL of a viable pure or mixed liquid SRB culture to the test 
tubes. In addition, sodium succinate solution (100 mg/mL) was added to 
achieve a succinate concentration of 927 mg/L in the tubes. One cycle of 
abiotic control tests was performed using 45 mL of sterile modified 
Postgate medium supplemented with sodium succinate. The required 
succinate concentration was calculated according to Eq. (2), assuming 
that all the added succinate was utilized for the reduction of the SO4

2−
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attached to the resins. However, some of the succinate was consumed for 
biomass formation (Bounaga et al., 2022), according to Eq. (3), and 
some was utilized by microbes other than SRB in the mixed culture. To 
minimize the growth of other microbes, the amount of succinate added 
was kept low. 

4(CH2)2(COO− )2 + 3SO2−
4 + 2.5H+ + 2H2O→4CH3COO− + 6HCO−

3

+ 1.5H2S + 1.5 HS− + 2CO2 (2)  

4.875(CH2)2(COO− )2 + 3SO2−
4 + 0.7NH+

4 + 5.3H+→4CH3COO− + 6HCO−
3

+ 1.5H2S + 1.5 HS− + 2CO2 + 0.7C5H7O2N + 0.1H2O
(3) 

While the tubes were being filled with the SRB cultures, anaerobic 
conditions were maintained by using an AtmosBag (Sigma-Aldrich, U.S.) 
that was flushed three times with N2 gas. The filled tubes were sealed 
and incubated in a shaker incubator at 22 ◦C and 50 rpm for 1, 2, 3, 4, or 
7 days. Three parallel test tubes containing the same bacterial inoculum, 
or the sterile medium, were incubated for each period. The pH and redox 
potential (EH) of the liquid SRB cultures and the sterile medium were 
measured before and after the bioregeneration. An IQ150 pH Dual 
Technology meter equipped with a pHenomenal ORP220 Ag/AgCl (3 M 
KCl) electrode was used for measuring the EH. For reference to a stan-
dard hydrogen electrode, +208 mV (AgCl/Ag potential at 20 ◦C) was 
added to the recorded EH values (Sawyer et al., 1995). In addition, the 
concentration of SO4

2− was measured from the sterile modified Postgate 
medium used in the abiotic control tests before and after the regenera-
tion cycles. 

Once the target regeneration time was reached, the regenerated 
resins were soaked several times in sterile milli-Q water and used again 
for the removal of SO4

2− from the sterile synthetic Na2SO4 solution. The 
achieved SO4

2− exchange capacities were calculated using Eq. (1) and the 
rates of SO4

2− removal from resin were calculated by dividing the ca-
pacity reached by the regeneration time used. After the third bio-
regeneration cycle, resins incubated with the SRB cultures for 7 days 
were soaked in milli-Q water, dried at 60 ◦C overnight, and analyzed by 
XPS and FESEM. Resins bioregenerated for 1 day were tested for 14-day 
bioregeneration to investigate the maximal bioregeneration efficiency. 
Finally, all the bioregenerated resins (excluding resins analyzed by XPS 
and FESEM) were chemically regenerated by mixing them for 1 h in 5 
mL of 0.5 M NaOH to confirm the residual amount of SO4

2− attached to 
the resins. The contact time and the concentration of NaOH were 
selected according to the manufacturer’s recommendation. The residual 
SO4

2− amount was measured from the spent NaOH solution using the 
cuvette test method. 

2.3. Column tests 

Ion exchange and bioregeneration with the pure SRB culture were 
tested in two parallel column set-ups for three exhaustion/bio-
regeneration cycles. Both columns were 30 cm long and had an inner 
diameter of 1.9 cm, resulting in a volume of 83.6 cm3. The columns were 
sealed with pieces of cotton wool at both ends and filled with quartz 
sand up to a height of 13 cm (particle size 0.5–1 mm). In the middle of 
the columns, 3.5 cm of Amberjet 4200 Cl resin was added, resulting in a 
bed volume of 9.9 cm3. Pieces of cotton wool were added to the top and 
bottom of the resin bed to avoid the resin mixing with the quartz sand. 
The mass of the resin was 6.65 g in both columns. 

The columns were used for removing SO4
2− from 500 mL of sterile 

synthetic Na2SO4 solution containing 2 g/L SO4
2− (initial pH 6.2–7.2). 

The service flow was downflow. A flow rate of 2 mL/min was used for 
both columns, resulting in an empty bed contact time of approximately 5 
min. The effluent solution was collected in 20 mL fractions until satu-
ration capacity was reached. The exhausted columns were rinsed with 
200 mL of sterile Milli-Q water. The SO4

2− concentration of the wash 
water was analyzed and considered in the mass balance calculations. 

The residual SO4
2− concentrations of the collected effluent fractions 

were measured using the cuvette test method. The saturation capacity qs 
(mg SO4

2− /g) of the columns was calculated using Eq. (4), where c0 is the 
initial SO4

2− concentration of the solution (2000 mg/L), V0 is the input 
volume of the solution (L), ci is the residual SO4

2− concentration of 
fraction i (mg/L), Vi is the volume of fraction i (L), and m is the mass of 
the resin (6.65 g): 

qs =
c0V0 −

∑n
i=1ciVi

m
(4) 

To demonstrate the possible modes of bioregeneration in an actual 
process, co-current bioregeneration of the columns was conducted either 
by filling the columns with a mixture of a viable pure SRB culture and 
sodium succinate solution for 24 hours (referred to as Column test 1), or 
by circulating 200 mL of a viable SRB culture supplemented with suc-
cinate as an electron donor through the columns at a flow rate of 1 mL/ 
min for 24 hours (referred to as Column test 2). Bioregeneration was 
conducted at RT inside an AtmosBag (Sigma-Aldrich, U.S.) flushed with 
N2 gas to maintain anaerobic conditions. In addition, one cycle of abiotic 
control tests was performed using the sterile modified Postgate medium 
instead of the SRB culture. 

After the bioregeneration, columns were backwashed with 200 mL of 
sterile Milli-Q water to remove the SRB solution or the modified Postgate 
medium, with 250 mL of 10 mM HCl to dissolve and remove any iron 
sulfide precipitates originating from the cultivation medium, and with 1 
L of 1 mM NaOH to return the pH to a neutral level. The SO4

2− con-
centration was measured from the SRB preculture before bio-
regeneration and from the circulated SRB solution or the wash water to 
determine the amount of SO4

2− detached from the resins (qdetach. (mg 
SO4

2− /g)) using Eq. (5): 

qdetach. =
V
(
ceff . − cf

)

m
, (5)  

where V is the volume of the column (Column test 1) or the volume of 
the SRB culture (Column test 2) (L), ceff. is the SO4

2− concentration of the 
SRB culture after bioregeneration (mg/L), cf is the SO4

2− concentration of 
the SRB culture before bioregeneration (mg/L), and m is the mass of the 
resin (6.65 g). 

The amount of SO4
2− reduced by the SRB (qred. (mg SO4

2− /g)) was 
calculated as the difference between the resin capacity (qs), the detached 
SO4

2− (qdetach.), and the residual SO4
2− attached to the resin (qres.) using 

Eq. (6): 

qred. = qs − qdetach. − qres. (6) 

After the last bioregeneration cycle, the resin from one column was 
dried at 60 ◦C overnight and analyzed by XPS and FESEM. The resin from 
the other column was regenerated by mixing it for 1 h in 60 mL of 0.5 M 
NaOH to confirm the residual amount of SO4

2− attached to the resin as in 
the case of the batch tests. 

2.4. Characterization of the resins 

X-ray photoelectron spectroscopy (XPS) and field-emission scanning 
electron microscopy (FESEM) were used for examining the surface 
properties of the fresh and regenerated anion exchange resins. The XPS 
spectra were recorded with a Thermo Fisher Scientific ESCALAB 250Xi 
spectrometer (Waltham, U.S.) using monochromatic Al Kα radiation 
(1486.6 eV). The charge calibration was performed by setting the 
binding energy of adventitious carbon to 284.8 eV. The surface 
morphology of the resins coated with carbon (Jeol Vacuum Evaporator 
JEE-420, Tokyo, Japan) was characterized using Zeiss ULTRA plus 
FESEM (Jena, Germany) equipped with an energy-dispersive X-ray 
spectroscopy (EDS) analyzer for chemical analysis. The EDS analysis was 
performed for the sulfate-laden resin also. 
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2.5. Characterization of the sulfate-reducing bacterial cultures 

Samples for the 16S rRNA sequencing analysis were taken from the 
pure and mixed SRB cultures at the end of the seven-day batch bio-
regeneration tests. The genomic DNA of the microbial strains was iso-
lated from the cell pellets using the standard protocol (QIAGEN, 2017). 
The SRB cultures were characterized by 16S rRNA sequencing at the 
Biocenter Oulu Sequencing Center, as described previously by Virpir-
anta et al. (2019). The obtained sequences were compared with those 
present in GenBank using a BLAST tool (National Center for Biotech-
nology Information, U.S. National Library of Medicine, U.S.). 

3. Results and discussion 

3.1. Batch tests 

The original SO4
2− exchange capacity of the Amberjet 4200 Cl resin 

determined in batch ion exchange tests was 112 ± 4 mg/g, which is of 
the same order of magnitude as the theoretical capacity of ≥ 1.30 eq/L 
(≥ 93 mg/g for SO4

2− ) reported by the manufacturer. However, the 
original capacity was not achieved in the batch bioregeneration test, and 
some loss in resin capacity was detected even with the longest bio-
regeneration time of 14 days (Table 1). After 14 days of bioregeneration 
with pure or mixed SRB cultures, the SO4

2− exchange capacities achieved 
were 103 ± 4 mg/g and 94 ± 4 mg/g, respectively. Bioregeneration 
efficiency clearly increased with the bioregeneration time. The same 
effect was also detected by Ren et al. (2017) when a perchlorate-laden 
biosorbent was regenerated by a perchlorate-reducing bacterial cul-
ture. In the case of the abiotic control tests, 16 ± 4 mg/g of the resin 
capacity was regenerated, and the regeneration time did not have any 
effect on the regeneration efficiency. The amount of residual SO4

2−

attached to the resins after the last bioregeneration cycle decreased 
when the bioregeneration time increased, as expected. After two days of 
bioregeneration with pure and mixed cultures, 24 ± 1 mg/g and 24 ± 3 
mg/g of residual SO4

2− were attached to the resins (41 ± 2% and 43 ±
6% of the SO4

2− exchange capacity), respectively. After 14 days of bio-
regeneration, the amounts of residual SO4

2− were only 2 ± 1 mg/g (2 ±
1%) with the pure culture and 12 ± 9 mg/g (13 ± 10%) with the mixed 
culture. However, the removal of SO4

2− from resin was fastest during the 
first day of bioregeneration, after which the removal rate decreased 

significantly (Table 1). Bioregeneration is controlled by the mass 
transfer of SO4

2− ions from the resin and by the sulfate reduction kinetics 
(Venkatesan et al., 2010). The decrease in the bioregeneration rate was 
probably a consequence of the slower detachment of ions attached 
deeper inside the resin (Venkatesan and Batista, 2011). The SO4

2− ions 
present on the resin surface were readily detached from the resin and 
easily available for the SRB, but once the detached ions had been 
reduced, the removal of the remaining ions was slower. The microbial 
sulfate reduction rate (SRR) is dependent on the SO4

2− concentration 
(Venkatesan et al., 2010). Reduction is faster with the higher initial 
SO4

2− concentrations and slows down with decreasing concentrations. In 
addition, one reason for the decreasing SRR might be the bacterial in-
hibition caused by the increasing concentration of H2S (Kushkevych 
et al., 2019). 

The SO4
2− removal capacities achieved after 1–4, 7, and 14 days of 

bioregeneration are shown in Fig. 1. When the pure SRB culture was 
used for bioregeneration, somewhat higher bioregeneration efficiency 
was achieved and the loss in capacity was smaller after 14 days of bio-
regeneration than when using the mixed culture (Table 1, Fig. 1). In the 
pure culture, the available carbon source was utilized only by SRB, 
which increased the efficiency of sulfate reduction. However, the bio-
regeneration efficiency notably decreased after the third bio-
regeneration cycle with the pure culture, probably due to the clogging of 
the resin pores by iron sulfide precipitates and organics, e.g., bacterial 
debris (Sharbatmaleki and Batista, 2012). The accumulation of iron 
sulfide on the resin beads was visually observed. When using the mixed 
SRB culture, there was some variation between the bioregeneration ef-
ficiencies in the second bioregeneration cycle. The variation between 
the bioregeneration efficiencies of the different cycles might also have 
been caused by the difference in incubation time of the SRB precultures. 
The longer incubation time of the preculture used in the second bio-
regeneration cycle might have increased the relative abundancy of 
bacteria other than SRB in the mixed culture; in the case of the pure 
culture, the growth of SRB might not yet have been in the exponential 
phase in the third cycle when a shorter preculture incubation time was 
used. With both SRB cultures, the best bioregeneration was achieved 
after the longest bioregeneration time. 

The pH of the treated Na2SO4 solution increased in the exhaustion 
cycles with the bioregenerated resin from 6.7 ± 0.5 to around 9 (Fig. 1). 
When the pure SRB culture was used for bioregeneration, the pH of the 
treated solution was clearly the highest when the bioregeneration time 
was the longest, and thus the majority of the resin-attached SO4

2− was 
most probably exchanged for ions present in the liquid SRB culture 
(Fig. 1a). For example, the HS− formed in SO4

2− reduction might have 
attached to the resin in the bioregeneration cycle and been exchanged 
for SO4

2− in the anion exchange cycle. At neutral pH, approximately half 
of sulfide was in the form of H2S. Thus, association of HS− with H+ might 
have resulted in the increase in pH. In addition, HCO3

− was formed in 
SO4

2− reduction and might have attached to the resin. In the case of the 
abiotic control tests, no change in the pH was detected, and it is likely 
that the resin-attached SO4

2− was partly exchanged for the Cl− ions 
present in the modified Postgate medium. The selectivity of an ion ex-
change resin is highly dependent on the functional group of the resin. 
The trimethyl ammonium groups of the Amberjet 4200 Cl resin favor 
divalent ions, such as SO4

2− , the uptake of which requires two closely- 
spaced positively charged groups (Clifford and Weber, 1983). The 
order of the SBA resin affinity for ions is SO4

2− > Cl− > HCO3
− > acetate >

OH− (DuPont, 2019a). The SBA resin affinity for HS− has not been re-
ported. However, as a divalent ion, it is likely that SO4

2− is selected over 
HS− , but the selectivity is also dependent on the concentration of ions, 
since an equilibrium state between the ions in solution and the ions on 
the resin is reached (Ghurye et al., 1999). Moreover, (Cotrino, 2006) 
achieved successful removal of HS− together with SO4

2− from ground-
water using a macroporous SBA resin in Cl− form, which indicates a 
higher affinity towards HS− than Cl− . In contrast, with the mixed SRB 
culture, there was not such a clear association, but the pH of the treated 

Table 1 
Average removal rates of resin-attached SO4

2− and losses in the original resin 
capacity (112 mg SO4

2− /g) during four cycles of batch bioregeneration with pure 
and mixed SRB cultures. Standard deviations of three parallel bioregeneration 
tests are shown.  

Cycle Bioregeneration 
time (d) 

Average 
SO4

2−

removal 
rate (mg/ 
d)Pure 
SRB 
culture 

Average 
SO4

2−

removal 
rate (mg/ 
d)Mixed 
SRB 
culture 

Loss in 
resin 
capacity 
(%)Pure 
SRB 
culture 

Loss in 
resin 
capacity 
(%)Mixed 
SRB 
culture 

1 1 14.0 ± 3.0 12.0 ± 2.0 46 ± 11 54 ± 7 
2 7.4 ± 1.1 5.9 ± 0.6 42 ± 8 54 ± 5 
3 5.2 ± 0.4 4.7 ± 0.7 39 ± 6 45 ± 8 
4 4.1 ± 0.3 4.2 ± 0.1 35 ± 5 34 ± 2 
7 2.6 ± 0.3 2.7 ± 0.3 29 ± 6 27 ± 7 

2 1 13.0 ± 3.0 11.0 ± 2.0 48 ± 8 55 ± 7 
2 7.4 ± 0.9 6.6 ± 0.9 42 ± 8 48 ± 7 
3 5.1 ± 0.5 3.7 ± 0.3 40 ± 6 57 ± 4 
4 4.3 ± 0.3 3.0 ± 0.5 32 ± 4 53 ± 7 
7 2.8 ± 0.2 2.7 ± 0.4 24 ± 3 27 ± 10 

3 1 9.3 ± 0.3 11.5 ± 0.9 64 ± 1 55 ± 3 
2 5.2 ± 0.3 6.7 ± 1.0 59 ± 2 47 ± 8 
3 4.5 ± 0.4 5.7 ± 0.3 47 ± 5 34 ± 3 
4 3.6 ± 0.5 4.3 ± 0.4 44 ± 8 33 ± 5 
7 2.4 ± 0.4 2.7 ± 0.1 35 ± 9 26 ± 2 

4 14 1.7 ± 0.1 1.5 ± 0.1 8 ± 3 16 ± 3  
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Na2SO4 solution increased close to 9 regardless of the bioregeneration 
time (Fig. 1b). During the batch bioregeneration experiment, there was 
also a slight but not significant increase in the pH of the SRB solutions, 
and the EH decreased significantly in both the pure and mixed SRB 
cultures (Table 2). The changes in pH and EH indicate the activity of SRB 
as the microbial sulfidogenesis (Eq. (2)) consumes proton acidity (H+) 
and produces HS− , which acts as a reducing agent (DeLaune and Reddy, 
2005). During the abiotic control tests, no change was detected in pH, 
EH, or SO4

2− concentration of the modified Postgate medium. 

3.2. Column tests 

The original saturation capacity of the anion exchange columns 
containing 6.65 g of Amberjet 4200 Cl resin for SO4

2− (2 g/L) was 60 ±
10 mg/g, which is somewhat lower than the reported theoretical ca-
pacity of ≥ 1.30 eq/L (≥ 93 mg/g for SO4

2− ). However, after the second 
anion exchange-bioregeneration cycle, the saturation capacity increased 
to 111 ± 4 mg/g without circulation of the SRB solution through the 
columns (Column test 1) and to 102.5 ± 0.2 mg/g with circulation of the 

Fig. 1. Effect of bioregeneration time and use of a) pure or b) mixed SRB culture on SO4
2− exchange capacity of the resins, residual SO4

2− amount attached to the 
resins, and pH of the treated Na2SO4 solution (1 g SO4

2− /L) in batch tests. Standard deviations of three parallel bioregeneration tests are shown. 
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SRB solution (Column test 2). After the third cycle, saturation capacities 
stood at 104.7 ± 0.6 mg/g (Column test 1) and 70.0 ± 0.2 mg/g (Col-
umn test 2). In the case of the abiotic control tests, the saturation ca-
pacities were 63 ± 1 mg/g (Column test 1) and 52 ± 7 mg/g (Column 
test 2) after one anion exchange-regeneration cycle. According to the 
results of the NaOH regeneration of the bioregenerated resins, there was 
6 mg/g and 14 mg/g of residual SO4

2− attached to the resins after the 
third cycle in Column tests 1 and 2, respectively. However, as only resin 
from one column was chemically regenerated in both Column tests 1 and 
2 (the other column was sampled for characterization), the repeatability 
of the result cannot be evaluated. The amount of reduced SO4

2− in bio-
regeneration decreased after the second cycle, and even more radically 
in Column test 2 (Fig. 2). 

During bioregeneration with circulation of the SRB solution (Column 
test 2), the pH of the SRB solution increased from 7.6 ± 0.2 to 8.2 ± 0.2, 
and the EH decreased from -70 ± 30 to -77 ± 12, which refers to SRB 
activity. However, in the third bioregeneration cycle, the SO4

2− attached 
to the resins was not reduced but only detached into the SRB solution 
(Fig. 2). Since there is a notable difference in size between the bacterial 
cells (approx. 1 µm) and the pores of gel-type resins (approx. 1 nm), 
bacteria do not enter the resin pores during bioregeneration, but the ions 
are likely to be detached from the functional groups of the resins and 
biodegraded in the liquid (DuPont, 2019b; Sharbatmaleki et al., 2015; 
Venkatesan and Batista, 2011). As mentioned in Section 3.1, bio-
regeneration is controlled by the mass transfer of SO4

2− ions from the 

resin and by the sulfate reduction kinetics. In the third bioregeneration 
cycle in Column test 2, the sulfate reduction was negligible, and thus the 
mass transfer of resin-attached SO4

2− also decreased. The bio-
regeneration efficiency was similar to the efficiency in the abiotic con-
trol tests, as expected. Sulfate reduction is affected by the relative 
quantity of SRB and the presence of H2S (Kushkevych et al., 2019, 
2015). A different SRB preculture was used in each bioregeneration 
cycle, the precultivation time varied from five to six weeks, and the 
amount of liquid culture contacting the resin was larger when the cul-
ture was circulated through the column in Column test 2, all of which 
affected the number of active SRB cells and concentration of SO4

2− and 
H2S in the culture during bioregeneration. The SO4

2− ions present in the 
liquid SRB culture interfered with the mass transfer and reduction of 
resin-attached SO4

2− ions, which was probably the main reason for the 
better performance in Column test 1. A slightly higher regeneration ef-
ficiency was also achieved in Column test 1 in the case of the abiotic 
control tests. 

The sulfate breakthrough curves in the ion exchange stage are shown 
in Fig. 3 and S1. With the fresh Amberjet 4200 Cl resin, no SO4

2− was 
detected in the initial fractions of the column experiment. The break-
through curve is an ideal S-shaped curve, which is due to a rapid and 
effective anion exchange during the initial phase. With the bio-
regenerated resins, the breakthrough is achieved earlier, and the curves 
ascend more gently. However, with the fresh resin, the saturation point 
was achieved much faster than with the bioregenerated resins, and the 
bioregeneration increased the total saturation capacity of the resin. The 
reason for this might be that the fresh resin was not fully hydrated. In the 
case of the abiotic control tests, the breakthrough started immediately 
but the saturation point was not achieved as quickly as with the fresh 
resin (Fig. S1). The form of the resin probably affected the SO4

2− ex-
change performance. The fresh resin was in Cl− form, whereas after 
bioregeneration, the resin contained ions from SO4

2− reduction (e.g., 
HCO3

− and HS− ) and the cultivation medium (e.g., Cl− ). The ions were 
further replaced with Cl− ions from the HCl rinse, and partly with hy-
droxide (OH− ) ions from NaOH rinse, although the concentrations of 
HCl and NaOH solutions were remarkably low. Some differences were 
observed in the exhaustion cycles of the bioregenerated resins. In Col-
umn test 1, the plateau of SO4

2− concentration occurred at approximately 
the same time in Cycles 2 and 3, while in Column test 2 it occurred much 
earlier for Cycle 3 than for Cycle 2. In Column test 2, the amount of 
residual SO4

2− had probably increased after the second bioregeneration 
cycle, resulting in the earlier plateau in Cycle 3. However, this could not 
be confirmed as the residual SO4

2− was analyzed from the resins only 
after the third bioregeneration cycle. As in the batch experiments, the 
pH of the treated Na2SO4 solution increased when SO4

2− was removed 
and started to slowly decrease after the breakthrough of the column 
(Fig. 4). The high increase in pH at the beginning of the exhaustion cycle 
was also detected in the abiotic control tests (Fig. S2), which probably 
indicates the presence of OH− ions in the regenerated resins resulting 
from the NaOH rinse. However, in Column test 1, there was a large 
difference between the pH of the two columns at the beginning of Cycle 
2 (Fig. 4a). 

3.3. Characterization of the resins 

The surface composition of the fresh and bioregenerated resins 
analyzed by EDS and XPS are summarized in Table 3 and Table S1, 
respectively. The sampling depth of EDS was approximately 1 µm, 
whereas the XPS signal was collected from the top 1–10 nm from the 
sample surface, which explains the differences between the surface 
composition results. A clear increase in the proportion of oxygen on the 
surface of resin beads were detected by EDS after bioregeneration, when 
compared to the fresh resin. According to XPS, the proportion of O 
increased in the column tests and the proportion of C increased in the 
batch tests. In the column experiments, the ions attached to the resins 
during bioregeneration were probably further exchanged for Cl− and 

Table 2 
Changes in pH and EH of the SRB solution during batch bioregeneration. Errors 
represent the standard deviations of three parallel bioregeneration tests.  

Bioregeneration 
time (d) 

pHPure 
SRB culture 

EH (mV) 
Pure SRB 
culture 

pHMixed 
SRB culture 

EH (mV) 
Mixed SRB 
culture 

0 7.5 ± 0.8 -60 ± 50 7.6 ± 0.5 -30 ± 70 
1 7.8 ± 1.0 -40 ± 40 7.5 ± 0.5 30 ± 90 
2 7.5 ± 0.8 -70 ± 70 7.5 ± 0.4 -90 ± 60 
3 7.4 ± 0.7 -80 ± 50 7.9 ± 0.6 -90 ± 80 
4 7.6 ± 0.4 -120 ± 30 7.8 ± 0.6 -100 ± 70 
7 7.6 ± 0.4 -120 ± 30 7.5 ± 0.2 -140 ± 20 
14 8.0 ± 0.2 -155 ± 15 7.8 ± 0.3 -145 ± 10  

Fig. 2. Saturation capacities (whole bar), residual SO4
2− attached to the resins 

(dark gray bar), SO4
2− detached from the resins into the SRB solution (light gray 

bar), and SO4
2− reduced by the SRB (white bar) during anion exchange and 

bioregeneration studies in column mode using Amberjet 4200 Cl resin (6.65 g). 
Errors represent the deviation of two parallel columns. The residual SO4

2− was 
measured only after the third bioregeneration cycle and assumed to be constant 
in both columns after each cycle. 
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partly for OH− during the rinse with 10 mM HCl and 1 mM NaOH. EDS 
detected small proportions of Cl in all the bioregenerated samples and in 
the sulfate-laden resin. According to both EDS and XPS, Cl was present 
especially in the fresh resin, which was originally in Cl− form. According 
to the XPS survey spectrum, the fresh resin also contained fluorine. 
Nitrogen present in the trimethyl ammonium groups was not detected 
by EDS due to the low energy X-rays produced by N atoms (Heath and 

Taylor, 2015). XPS detected N in all the samples and the proportion was 
largest in the resins bioregenerated in batch tests. Some of the N might 
have originated from the modified Postgate medium used as a cultiva-
tion medium for the microbes. 

According to the EDS results, S was present in all the bioregenerated 
samples, as expected, since not all of the SO4

2− was removed in the 
bioregeneration. Also, the soluble HS− formed via SO4

2− reduction might 

Fig. 3. Sulfate breakthrough during the exhaustion cycles in three parallel columns using the fresh Amberjet 4200 Cl resin (6.65 g) and two parallel columns using 
the bioregenerated resin: a) bioregeneration without circulation of the SRB solution (Column test 1) and b) with circulation (Column test 2). Initial SO4

2− concen-
tration 2 g/L. 
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have partly attached to the resins. The smallest proportion of S was 
detected in the resins from Column test 1 in which the bioregeneration 
was most successful. XPS clearly detected S in the resins bioregenerated 
in the batch tests but only a small S2p peak was observed in the high- 
resolution S2p spectrum of the resins from the column tests. The high- 
resolution S2p XPS spectra of the batch test samples indicate the pres-
ence of three sulfur species (Fig. S3). The S2p3/2 peaks at 167.5 eV (pure 
SRB culture) or 167.6 eV (mixed SRB culture) probably correspond to 
sulfite (Al-Abed et al., 2017). The sulfide peak at the lower binding 

energy is wide and shows two different sulfide species with S2p3/2 peaks 
at 161.4 eV and 163.3 eV (Fantauzzi et al., 2015). 

Both phosphorus and iron were detected by EDS analysis in the resins 
bioregenerated in the batch tests. P and Fe originated from the modified 
Postgate medium. In the column tests, the P and Fe attached to the resins 
during bioregeneration were most likely rinsed out with HCl. However, 
XPS also detected Fe in the fresh resin and resins bioregenerated in the 
column experiments. According to XPS, the batch test sample bio-
regenerated with the pure SRB culture contained a small proportion of 

Fig. 4. Changes in pH of the treated Na2SO4 solution during the exhaustion cycles in column mode using bioregenerated Amberjet 4200 Cl resin (6.65 g): a) 
bioregeneration without circulation of the SRB solution (Column test 1) and b) with circulation (Column test 2). Initial SO4

2− concentration 2 g/L. Errors represent the 
deviation of two parallel columns. 
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Table 3 
Surface composition of the fresh and the sulfate-laden Amberjet 4200 Cl resin and the bioregenerated resins analyzed by EDS. Errors represent the standard deviations 
of three parallel samples.  

(wt. %) Fresh Amberjet 4200 Cl Sulfate-laden Amberjet 4200 Cl 7-day bioregeneratedMixed SRB 7-day bioregeneratedPure SRB Column test 1 Column test 2 

C 75.3 ± 1.4 70.4 ± 1.1 69.5 ± 0.5 71.2 ± 1.0 73.5 ± 3.4 71.7 ± 1.0 
O 7.5 ± 0.8 19.8 ± 1.3 21.4 ± 0.5 21.9 ± 2.0 20.1 ± 3.4 18.3 ± 2.0 
Cl 16.7 ± 0.8 3.3 ± 0.2 2.5 ± 0.1 2.1 ± 0.2 2.9 ± 0.6 4.2 ± 2.3 
S n.d. 6.2 ± 0.2 5.0 ± 0.7 3.9 ± 0.9 2.2 ± 0.2 5.2 ± 0.4 
Si 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.9 ± 0.5 0.5 ± 0.2 
P n.d. n.d. 0.2 ± 0.1 0.2 ± 0.1 n.d. n.d. 
Fe n.d. n.d. 1.1 ± 0.4 0.5 ± 0.3 n.d. n.d. 
Al 0.1 ± 0.1 n.d. 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.1  

Fig. 5. FESEM images of (a) fresh Amberjet 4200 Cl resin, (b) resin bioregenerated with mixed SRB culture for seven days, (c) resin bioregenerated with pure SRB 
culture for seven days, (d) resin bioregenerated in column without circulation of SRB solution (Column test 1), and (e) resin bioregenerated in column with cir-
culation of SRB solution (Column test 2). 
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sodium originating from the cultivation medium. Both EDS and XPS 
detected aluminum in all the samples, probably originating from the 
fresh resin. The silicon present in all the resin samples is most likely to be 
contamination originating from several different sources, e.g., storage 
containers, as Si is commonly found in the surface agents used in the 
manufacture of plastic items (R&D Editors, 2004). An unexpected 
presence of silica (SiO2) detected in styrene divinylbenzene resin was 
previously reported by (Riley et al., 2021). The proportion of Si was 
highest in resins bioregenerated in the column experiments, some of 
which could have originated from the quartz sand used for filling up the 
columns. 

The surface morphologies of the fresh and bioregenerated resins are 
shown in Fig. 5. The surfaces of the bioregenerated resins clearly contain 
small particles, most probably consisting of bacterial debris and iron 
sulfide. The resins bioregenerated in column mode contain more parti-
cles, probably since the resin beads were tightly packed in the columns 
and the bacterial debris was not so easily rinsed out, whereas in the 
batch tests, resins were soaked in sterile Milli-Q water after bio-
regeneration. Also, the surface of the resin bioregenerated with the 
mixed SRB culture had more particles than the resin bioregenerated with 
pure culture in the batch tests. In the mixed culture, more biofilm con-
sisting of microbial cells and extracellular polymeric substances (EPS) 
might have formed and attached to the resin surface due to the greater 
diversity of the microbial culture. 

3.4. 16S rRNA sequencing 

The mixed SRB consortium consisted mostly of Firmicutes, Proteo-
bacteria, and Bacteroidetes after seven-day bioregeneration. The rela-
tive abundance of SRB was 22.3 ± 0.2% of the total bacteria in three 
parallel bioregeneration experiments. Most of the SRB were character-
ized as Desulfobulbus sp. (Deltaproteobacteria), although some Desulfo-
vibrio mexicanus (Deltaproteobacteria) and Peptococcaceae (Firmicutes) 
were also present. Other significantly abundant bacteria in the culture 
were Macellibacteroides fermentans (4.0 ± 0.9%), lactic acid bacteria 
Carnobacteriaceae (57 ± 5%), and Clostridia (12 ± 5%). 

Compared to the original enrichment culture, the abundance of SRB 
– mainly Desulfobulbus sp. – somewhat increased and the abundance of 
the family Carnobacteriaceae increased significantly during the seven- 
day bioregeneration. In the original culture, Trichococcus sp. belonging 
to the family Carnobacteriaceae, was present. Trichococcus sp. is known 
to hydrolyze macromolecular organic compounds (Jin et al., 2018; 
Wang et al., 2018). In addition, Trichococcus shcherbakoviae was isolated 
from a propionate-oxidizing bacterial consortium growing in a 
low-temperature anaerobic bioreactor (Parshina et al., 2019). It is very 
likely that propionate was produced from succinate during the bio-
regeneration by other bacteria present in the culture, as was also sup-
posed in previous studies (Virpiranta et al., 2022, 2021, 2019), which 
further supported the growth of Carnobacteriaceae. 

No significant change was detected in the abundance of Clostridia 
nor that of Macellibacteroides fermentans, both of which were also present 
in the original enrichment culture. The abundance of bacteria other than 
SRB involved in the sulfur cycle, namely Halothiobacillus sp., Geobacter 
sp., Arcobacter sp., and Sulfurospirillum sp, was not significant after the 
seven-day bioregeneration (1.8 ± 1.1%), whereas Halothiobacillus sp. 
and Arcobacter sp. in particular were abundant in the original culture. 
Halothiobacillus spp. and Arcobacter sulfidicus are known to oxidize sul-
fide to elemental sulfur (Whaley-Martin et al., 2019; Wirsen et al., 
2002). Their abundance was also high in reactor experiments when 
soluble HS− was available for oxidation (Virpiranta et al., 2022). 
Consequently, the low abundance of these bacteria is attributable to the 
limited availability of soluble HS− in the bacterial solution during 
bioregeneration. 

The pure SRB culture isolated from the mixed culture was identified 
as belonging to the family Desulfobulbaceae. The only bacterial species 
belonging to Desulfobulbaceae present in the mixed culture was 

Desulfobulbus sp. During the seven-day bioregeneration experiment, the 
bacterial distribution did not change in the pure culture. 

3.5. Implications of the study 

It has been suggested that microbial products and EPS attached to the 
resin during bioregeneration decrease the exchange capacity of the resin 
in the subsequent ion exchange stage (Ren et al., 2017). Contamination 
of the resin is one of the biggest challenges in bioregeneration. In several 
studies, organics clogging the resin pores have been removed by soaking 
the bioregenerated resin with hypochlorite (ClO− ) solution (Ren et al., 
2017; Sharbatmaleki and Batista, 2012; Venkatesan et al., 2010). In the 
column experiments, the resins were rinsed in tightly packed columns, 
and thus removal of bacterial debris might have been insufficient. 
Biofouling was successfully removed with a more intense procedure by 
Venkatesan et al. (2010), who rinsed the bioregenerated column several 
times with 2 M NaCl, 0.5 M NaOH, and deionized water to remove or-
ganics, and further disinfected the column with NaOCl solution. Ebra-
himi and Roberts (2013) avoided biofouling of the resin by enclosing the 
resin in a membrane to prevent direct contact with the bacterial culture 
during bioregeneration. However, it was concluded that in practice this 
application could only be used for resins sold in membrane cartridges. 

A small amount of sulfate accumulated in the resins in the column 
experiments, which might be due to some of the ions being attached to 
resins at a depth which is beyond the reach of the microbes (Ren et al., 
2017; Sharbatmaleki and Batista, 2012). Nevertheless, in Column test 1, 
the capacity loss after the third anion exchange-bioregeneration cycle 
was only around 6%, and according to previous bioregeneration studies, 
it can be assumed that the capacity loss would not significantly increase 
even after several bioregeneration cycles. Bae and Nam (2014) tested 
four cycles of bioregeneration for nitrate- and sulfate-laden SBA resin 
and the exchange capacity decreased only 5%, 9%, 12%, and 19% after 
the bioregeneration cycles. Ebrahimi and Roberts (2013) bioregenerated 
nitrate-laden SBA resin four times without any capacity loss and after six 
bioregeneration cycles only 6% loss in capacity was detected. Sharbat-
maleki and Batista (2012) reported a loss of approximately 15% in the 
capacity of bioregenerated perchlorate-laden SBA resin. The resin was 
bioregenerated for five cycles and the accumulation of perchlorate was 
significant during the first two cycles, after which the accumulation 
somewhat stabilized. 

It is recommended to use 0.50–1.25 M NaOH solution for the 
regeneration of Amberjet 4200 Cl resin. In this study, solutions with 
much lower concentration, 10 mM HCl and 1 mM NaOH, were used for 
cleaning the resin after bioregeneration in column mode. In the batch 
tests, the bioregenerated resins were soaked in water only to gently 
remove bacteria from the surfaces of the resin beads. The amount of HCl 
and NaOH used for washing the bioregenerated column should be 
optimized in further studies. One benefit of biological regeneration is 
that no actual waste brine is produced, since SO4

2− is detached from the 
resin and partly reduced in the column and the remainder would be 
circulated to a sulfidogenic bioreactor after the bioregeneration cycle. 
However, regeneration with NaOH is clearly faster since, according to 
the manufacturer, the minimum contact time with the resin is only 20 
minutes. In this study, a bioregeneration time of 24 h was used in the 
column tests, and the contact time should be further optimized. On the 
other hand, the time used for regeneration is not often that critical since 
another batch can be utilized for water purification during the regen-
eration of one resin batch. Use of NaOH might also be more cost-efficient 
than feeding SRB with easily utilizable carbon sources, e.g., organic 
acids. However, sufficient SRRs can be achieved by feeding the bacteria 
with low-cost carbon sources, e.g., conditioned sewage sludge (Virpir-
anta et al., 2021). 

As a next step, the bioregeneration of exhausted resins could be 
tested in a hybrid process comprising a continuously operated sulfido-
genic bioreactor and an ion exchange column. The hybrid process should 
also be tested with actual MIWs to ensure the performance of the 
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process. Dissolved metals in the MIWs could be precipitated using H2S 
gas produced in the bioreactor (Virpiranta et al., 2022) before feeding 
the water to the ion exchange column. The exhausted column could be 
further regenerated by feeding the reactor liquid through the column. In 
the actual process, HCl and NaOH solutions used for cleaning the bio-
regenerated resin could be partially circulated through the column to 
minimize consumption. 

4. Conclusions 

Sulfate-laden gel-type strong base anion exchange resin was bio-
regenerated using a viable pure or mixed sulfate-reducing bacterial 
culture. In batch mode, bioregeneration was slightly more effective with 
the pure sulfate-reducing bacterial culture. In column mode bio-
regeneration, the sulfate attached to the resin was mainly reduced by the 
bacteria, but part of it was only detached from the resins. The reduction 
of the resin-attached sulfate was more efficient when the column was 
filled with liquid sulfate-reducing bacterial culture and the culture was 
not circulated through the column. When the bioregenerated resins were 
used for sulfate removal, the pH of the treated solution increased 
significantly, which is probably attributed to the replacement of the 
resin-attached sulfate with the ions present in the liquid sulfate-reducing 
bacterial culture and hydroxide ions resulting from NaOH rinsing in 
column mode. The hypothesis is also supported by the increase in the 
amount of oxygen on the surface of the resin beads detected by energy- 
dispersive X-ray spectroscopy. Bioregeneration of sulfate-laden resins 
could be further tested for treatment of actual mining-impacted waters 
in a hybrid process comprising a sulfidogenic bioreactor and an ion 
exchange column. 
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