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Abstract: The wastewater of the industrial production of artificial sweetener sucralose contained
an average 1100 mg/L of total organic carbon (TOC) with 2100 mg/L of chemical oxygen demand
and 10 mg/L of biological oxygen demand. Biodegradability of the wastewater components was
low due to chlorinated organic substances. The combined chemical and biological treatment of this
wastewater in the bioreactors with hematite iron ore removed up to 70% of TOC. About 20% of TOC
was removed quickly by adsorption on iron ore particles, but adsorption/precipitation of others up
to 50% of TOC was due to ferrous/ferric ions and hydroxides produced during microbial reduction
and dissolution of iron ore. The calculated dosage of iron ore with 150 regeneration cycles could be
46.7 g /L of wastewater. Thus, the treatment of wastewater with iron ore and iron-reducing bacteria
diminished the quantity of granulated activated carbon that is used in the treatment of sucralose
production wastewater by up to 70%.

Keywords: emerging contaminants; recalcitrant chlorinated compounds; sucralose; wastewater of
sucralose production; iron-reducing bacteria; hematite iron ore

1. Introduction

The sequential bioreduction of Fe3* and the (bio)oxidation of Fe?* can be used for the numerous
environmental and geotechnical engineering applications [1,2]. The potential applications of these
processes have been described in the US patent 7393452 “Compositions and methods for the treatment
of wastewater and other waste” [3]. The major steps of the patented technology are the sequential
anaerobic bioreduction of ferric (hydr)oxides and aerobic (bio)oxidation of Fe?* ions. Both Fe?* and
Fe®* ions could be hydrolyzed and precipitated as ferrous/ferric hydroxide or react with organic
and inorganic substances forming insoluble compounds. These reactions can be widely used for
the removal of phosphate from water and wastewater [4-7], the biodegradation of estrogens in
wastewater [8], the enhancement of anaerobic treatment of fat-containing wastewater [9,10] and
wastewater containing sulphate [11-14], and to decrease the hydraulic conductivity of soil or sand
using biogrout containing iron [15,16]. A priori, this technology could be used also to remove the
polarized recalcitrant halogenated compounds from water and wastewater due to their precipitation by
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positively charged ferric and ferrous ions, as well as due to adsorption on both positively and negatively
charged ferric and ferrous (hydr)oxides that are produced as shown in the following equations:

2Fe; 05 + CH,0 + 8H* — 4Fe?* + CO, + 5H,0 (1)
Fe?* + x;H,O — x,Fe(OH)" + x3Fe(OH); + x4Fe(OH);~ )
4Fe®* + O, + 4H" — 4Fe3* + 2H,0 (3)

Fe* + x5sH,O — xgFe(OH)** + x7Fe(OH); + xgFe(OH), ™~ (4)

where CH,O is the empirical formula for carbohydrates. The aim of this study was to demonstrate a
possibility of how to remove chlorinated recalcitrant compounds from the wastewater of sucralose
production.

The object of the study was wastewater from the production of sucralose (other names include
trichlorosucrose; Splenda™; Altern™; 4, 1’, 6'—trichlorogalactosucrose; trichlorogalactosucrose,
4,1’,6’-trichloro-4,1’,6’-trideoxygalactosucrose; 4-chloro-4-deoxy-«, D-galactopyranosyl-1,6-dichloro-
1,6-dideoxy-p, D-fructofuranoside), which is one of the most popular zero-calorie artificial sweeteners
for personal consumption and in the food industry. Sucralose is used as an artificial sweetener in food
and beverages in over 80 countries. The sweetener, which is 600 times sweeter than sugar, is used in
over 4000 products including drinks, breakfast bars and ice creams (www.foodprocessing-technology.
com/projects/tateandlyle/). Sucralose is now produced by Tate & Lyle (McIntosh, Alabama, USA);
by HYET Sweet B.V. (Breda, The Netherlands); by JK Sucralose Inc. (Jiangsu, China); Nantong
Changhai Food Additive Co. Ltd. (Nantong, China); Shandong Kanbo Biochemical Technology Co.
(Dongying City, China), and Anhui Jinhe Industry (Chuzhou, China). It is possible that production of
sucralose around the world will further increase after 2020 when the patent protection for Tate & Lyle
(London, UK) expires.

An estimated daily intake of sucralose in the USA ranges from 0.1 to 2.0 mg/kg body weight [17].
The substance passes through the human organism unchanged; it does not biodegrade on the municipal
wastewater treatment plant (MWWTP), so its concentration in natural water is considered as a tracer of
anthropogenic pollution [18]. It is considered as an emerging water contaminant due to its resistance
to wastewater biotreatment and persistence in nature. However, the ecotoxicological contribution
of sucralose remains unknown, but there could possibly be toxicity of the photodegradation
products [19]. The concentration of sucralose in effluent of five Beijing MWWTPs were on the
levels of 2.7-3.5 ug/L [20]. The sucralose is also not removed during septic treatment, therefore
its concentration in septic effluent can reach 7.6 pg/L [21]. The analysis of river water samples from
27 European countries showed that the concentration of sucralose can be up to 1 pg/L [22]. Detectable
levels of sucralose have even been found in North American coastal and open ocean waters [23].

Sucralose has very low degradability levels in nature [24], but there is a known patent on isolated
microbial consortia which is capable of degrading chlorinated carbohydrates [25]. The wastewater after
sucralose production contains not only sucralose, but also such recalcitrant chlorinated compounds
as 4,I-dichlorogalactosucrose; 4,1'-dichloro-3’,6’-anhydrogalactosucrose; 4,6’-dichlorogalactosucrose;
l',6’-dichlorosucrose; 6,6’-dichlorosucrose; 4,1’,6’-trichlorosucrose; 4,1’,6’-trichlorogalactosucrose;
4,6,6'-trichlorogalactosucrose;  6,1’,6’-trichlorosucrose; 4,1’,4’,6’-tetrachlorotagatogalactosucrose;
4,6,' 6’-tetrachlorogalactosucrose; and different penta-chlorinated carbohydrates [25].

One possible (albeit very expensive) way for removing these recalcitrant compounds from
industrial wastewater is adsorption on granulated activated carbon (GAC). The aim of this study was
to test cheap commodity, hematite iron ore, and products of its bioreduction as adsorbent to diminish
the quantity of GAC for the treatment of sucralose production wastewater.
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2. Materials and Methods

2.1. Enrichment Culture

Enrichment culture (EC) for Fe(Ill) bioreduction must be able to grow in medium with salinity
up to 40 g/L and use sucrose directly, or after acidogenic fermentation, in order to reduce Fe(III).
The samples, which can serve as potential sources of enrichment cultures of halotolerant iron-reducing
and fermenting bacteria, were as follows: (a) the mangrove swamp sediment samples were used as it is
known that halotolerant iron-reducing bacteria are the common inhabitants of marine and mangrove
swamp sediments; (b) the sediment from the bottom of small embayment of the Dead Sea in Jordan.
Salinity in the Dead Sea varies from 26 to 35%. The site for sampling was selected due to the presence
of the brown film of iron hydroxides on the surface of water, which is a sign of natural anaerobic Fe(III)
bioreduction, diffusion of soluble Fe(Il) towards surface, and aerobic oxidation of dissolved Fe(Il) at
the surface of water.

To produce the enrichment culture, 50 g of a mixture of these samples had initially been used to
inoculate medium, and then three anaerobic transfers and cultivations had been made in the medium
of the following composition, g/L: iron ore, 10; sucrose, 0.5; sucralose, 0.2, sea salt, 50; NH4Cl, 0.5;
KH;POy4, 0.4; NaHCO;3, 1.5; MgSQy, 0.2; trace elements stock solution, 5 mL/L, tap water to 1 L;
pH was adjusted to 7. The trace elements stock solution consists of the following components, g/L:
ZnS04-7H,0, 0.1; MnSO4-H, 0O, 0.085; H3BO3, 0.06; CoCl,-6H,0, 0.02; CuCl,, 0.004; NiSO4-6H,0,
0.028; NapMoOy-2H,0, 0.04, and FeCly, 0.3, pH was adjusted to 2.0.

One liter of this medium was placed in 1.5 L plastic bottles, inoculated with 100 mL of the
previous culture, flushed with nitrogen gas and placed on the shaker at 150 rpm at 30 °C for 20 days.
Cultivation of each enrichment culture was done in triplicates and the average means were presented.
When necessary, abiotic control was performed by the addition of 15% (v/v) of ethanol.

2.2. Wastewater Treatment

The samples of wastewater (WW) after industrial thermophilic membrane bioreactor were
delivered from a sucralose production plant in Singapore. The variations of wastewater content
were very significant during the two years of study, but the typical characteristics of WW were as
follows (average value + s.d. are shown): mg/L: 1100 & 500 mg/L of total organic carbon (TOC),
2100 = 300 mg/L of chemical oxygen demand (COD), and 10 + 5 mg/L of biological oxygen demand
(BOD). For example, the characteristics of WW in one set of the experiments were as follows (average
value + s.d. are shown): mg/L: total dissolved solids (TDS), 42,300 £ 1200; total organic carbon (TOC),
710 = 140; chemical oxygen demand (COD), 2192 + 139; biological oxygen demand (BOD), 7.4 £ 1.6;
SO, 8250 4 1500; N-NH4*, 236 & 26; N-NO3 ~, 27+ 6; P-PO4>~, 2.9 4 0.3 mg/L; alkalinity, 625 4 50;
pH 8.1+ 0.3; color, 3300 £ 250 units. The variations of TOC measurements in one sample were lower
than 5% of the average value, but there were significant variations of TOC, up to 50% of the average
value, in the samples of industrial wastewater taken during the two years of study. For this case,
to diminish the variability of the experimental data, one sample of wastewater was used for a set
of experiments.

The following components have been added in 1 L of WW: sucrose, 0.5; NH4Cl, 0.5; KH,POy,
0.4; MgSQy, 0.2; trace elements stock solution, 5 mL/L. The WW with additions was called “influent”.
The biodegradability of organic components of wastewater measured by BOD/COD ratio was 0.34%.

The major reagent for the treatment was hematite (Fe;O3) of iron ore with the iron content
60% (w/w), supplied from China. The iron ore was crushed and sieved to produce a fraction
containing iron ore particles, sized from 1 to 3 mm. The porosity of the iron ore was 46 4 0.5%
(v/v, average value =+ s.d.). The laboratory facility to treat wastewater consists of five column reactors
(Figure 1). Three anaerobic columns were filled in with iron ore, and two anaerobic columns were
not. The columns with iron ore were filled up with influent for 14 days batch treatment, then the
continuous process with the hydraulic retention time (HRT) in anaerobic columns of five days was
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started. The filling of the laboratory facility was done in several steps: (a) the connection between the
columns with iron ore and the last two columns without iron ore was closed; (b) the anaerobic part of the
facility was flushed with nitrogen gas; (c) influent was flushed with nitrogen gas, inoculum was added.

Figure 1. The laboratory facility for the treatment of sucralose production wastewater with recalcitrant
organic compounds.

2.3. Analysis

7

All analyses were standard, using “Standard Methods for Water and Wastewater Examination”
outlined by the American Public Health Association (APHA). The samples were taken under the flow of
nitrogen gas and the total Fe(II) concentration was measured using the phenanthroline method (Method
3500-FeD, APHA 2005) using the spectrophotometer UV-1201V (Shimadsu, Kyoto, Japan). For the
measurement of total Fe(II) concentration, the samples were acidified immediately after collection
by the addition of 2 mL concentrated HCI per 100 mL sample. TOC in solution was measured by
Standard Method 5310C (APHA, 2005) after filtration of the 5 mL sample through a 0.45 um nylon
membrane using a TOC analyser C-VCSH (Shimadzu, Kyoto, Japan). The concentrations of COD were
determined in the well-mixed samples through standard method (APHA, 2005). The excess of chlorine
was removed before COD measurement, using a solution of silver. The concentration of nitrite and
nitrate were measured according to the standard methods APHA 4500-NO,-B and APHA 4500-NOs-1
(APHA 2005) after the sample had been centrifuged and filtered through a 0.45 pym nylon membrane.
The spectrophotometer UV-1201V (Shimadsu, Kyoto, Japan) was used to measure the concentrations
of nitrite and nitrate. Ammonium concentration and total nitrogen were determined, respectively, by
the 4500-NH;3 H Flow Injection Analysis method and 4500-NO3-F Automated cadmium reduction
method APHA using Flow Injection Analyzer, QuickChem 8000 (LaChat Instruments, Loveland, CO,
USA). The concentration of total suspended solids (TSS) was determined by standard method 2540D
APHA. Total phosphorus was determined using 4500-PE Ascorbic acid method APHA using the
spectrophotometer UV-1201V (Shimadsu, Kyoto, Japan). Color was determined using Multiprobe
YSI556 (Pine, Yellow Springs, OH, USA). pH and oxidation-reduction potential were measured by the
Cyberscan PCD 6500 (Thermo Fisher Scientific Inc., Waltham, MA, USA). The statistical and correlation
analysis of the results were performed with Microsoft Excel programs. The analyses were done in
triplicates and means =+ standard deviations are shown in the Results.

3. Results

3.1. Batch Treatment of Wastewater

The following results have been obtained during wastewater treatment in the columns filled with
iron ore, wastewater, and inoculated with enrichment culture. The oxidation-reduction potential (ORP)



ChemEngineering 2018, 2, 37 50f9

changed from the initial value of —34 mV to the final value of —225 mV. The pH increased during
treatment from 7.2 to 7.8. The removals of TOC and COD were 70% and 68%, respectively, after 21 days
of batch treatment (Table 1).

Table 1. Batch anaerobic treatment of wastewater in the columns.

Parameters of Treatment Efficiency

Time of Treatment, Days TOC CcoD Color
mg/L % of Removal mg/L % of Removal Unit % of Removal
0 1200 0 2192 0 3084 0
1 889 26 1654 24 2450 21
8 575 52 1062 52 920 71
14 449 63 871 60 785 75
21 361 70 700 68 743 76

A role in TOC removal plays adsorption of organic compounds on initial iron ore. In abiotic
control, decrease of TOC after 2 h of contact between wastewater and iron ore was in the range 17-21%.
The batch process was performed in triplicates with very similar results, which are not shown to avoid
oversizing. The duration of the batch process depends on the growth of iron-reducing bacteria biomass
in batch culture, which is a slow process typically continuing over 15-21 days [6,8,12,16], while an
adsorption of organic substances on produced ferrous hydroxide(s) could take just a few hours.

3.2. Continuous Treatment of Wastewater

The continuous treatment of wastewater is going with the grown biofilm of iron-reducing bacteria,
therefore hydraulic retention time (HRT) could be reduced from 21 days in batch culture to 5 days in
continuous culture. However, efficiency of the continuous treatment of wastewater in the columns
permanently decreased during the 25 days, from 70% to 23% in the first experiment, and to 20% in the
second experiment. It was believed that this permanent decrease was due to the changes of the iron
ore surface. To examine this hypothesis, iron ore that that was used for 21 days in batch treatment and
25 days in continuous treatment was extracted from the columns and washed out with water. Then,
new sets of batch and continuous experiments had been started in the columns filled with either fresh
or used iron ore. TOC removal was 71% and 38% after 14 days of wastewater treatment with either
fresh or used iron ore (Figure 2).
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Figure 2. The removal of TOC in the laboratory facility operated in batch mode with either fresh iron
ore (curve 1) or used iron ore (curve 2).
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The efficiency of TOC removal during the continuous treatment of wastewater with used iron ore
decreased from 48 to 20% for 45 days (Figure 3).
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Figure 3. The removal of TOC from wastewater during continuous process in the column reactors with
used iron ore.

Therefore, the treatment of sucralose production wastewater using bioreduction of iron ore
requires the approximately monthly regeneration of iron ore surface, notwithstanding permanent
bioreduction and dissolution of this surface with production of Fe>* ions. The concentration of total
iron in effluent was 12 & 0.5 mg/L, so almost all Fe?* produced in anaerobic columns was hydrolyzed
and precipitated in aerobic reactors.

4. Discussion

It is well known that sucralose itself did not degrade in aerobic or anaerobic biological
reactors, either metabolically or co-metabolically (in the presence of sucrose), after 42-62 days of
experiments [26]. The same could be expected for the by-products of sucralose production. In our
experiments, biodegradability of the compounds in sucralose production wastewater was dismal,
but under the conditions of bioreduction and biodissolution of iron ore, almost 70% of organic
matter of this wastewater can be removed. The mechanism of recalcitrant organics removal from the
wastewater of sucralose production is an adsorption of the polarized chlorinated organic substances
on the positively charged particles of iron (hydr)oxides produced after the dissolution of the iron ore
surface. An adsorption capacity of iron (hydr)oxide particles without bioreduction and biodissolution
was about 20% of initial TOC, only because of the low specific surface of the particles. However,
iron-reducing bacteria permanently renew the surface of iron ore particles and produce from iron ore
small particles of ferrous and ferric hydroxides with a high specific surface, which adsorb chlorinated
organics and ensure removal of TOC on the level of 70% of the initial value. Due to adsorption
on renewal iron hydroxide surfaces, the biotreatment with iron ore can significantly diminish the
quantity of granulated activated carbon that is used currently (or is planned to be used) for the removal
of recalcitrant organics from the wastewater of sucralose production. According to the data of the
sucralose manufacturer, adsorption capacity of GAC before the break point (after concentration of
COD in effluent exceeding 100 mg/L) was 33 mg of COD per 1 g of GAC. Thus, treatment of 1 m? of
sucralose wastewater with COD concentration about 2000 mg/L requires 60 kg GAC, while wastewater
biotreatment with iron ore, that is removing at least 50% COD, will require only 30 kg GAC/m? thus
saving at least $30/m3 of the wastewater, i.e., ensuring from $5 million to $25 million in annual savings
for a sucralose production plant.

This process could be designed even more effectively because iron oxide can be regenerated
by thermal treatment. In our experiments, the thermal treatment of used iron ore at 500 °C for 1 h
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increased adsorption capacity by 150% in comparison with fresh iron ore. COD removal capacity
of iron ore in one cycle of the treatment was about 0.21 mg of COD per 1 g of iron ore, but due to
150 regenerations the total capacity could be 32 mg of COD per 1 g of iron ore, which is the same
value as the adsorption capacity of GAC. However, the price for iron ore is about US$100/metric
ton while the price for GAC (“activated charcoal”) is about US$2000/metric ton. The dosage of iron
ore considering 150 regeneration cycles could be 46.7 g/L of wastewater. So, the savings with iron
ore biocolumns will be determined by the difference of the costs of GAC plus disposal of GAC after
treatment versus the cost of iron ore plus the cost of four columns and their thermal regeneration
system. The three columns will work in continuous regime and one column will be out of flow for
thermal regeneration and batch growth of iron-reducing bacteria biomass.

The conceptual scheme for the removal of xenobiotics from the wastewater of sucralose production
plant using regenerated iron oxide adsorbent is shown in Figure 4.

Recalcitrant and Adsorption on freshly - -
colored components produced iron lhmal regeneration
of wastewater from » hydroxide(s) in the » of iron oxide in the
sucralose production anaerobic column column

t

Bioproduction of
soluble ferrous ions
and ferrous
hydroxide(s) in the
anaerobic column

t

Adsorption on
| surface of iron oxide

particles

Formation of biofilm
of iron-reducing
bacteria on surface of
iron oxide particles

Gas treatment

Organic nutrients f
(sucralose)

Iron ore or
Inorganic nutrients —)p :)ex%fize;aa:i(::l::?n the
—

anaerobic column

Inoculum of iron-
reducing bacteria

Figure 4. The conceptual scheme for the removal of xenobiotics from the wastewater of sucralose
production plant.

5. Conclusions

The removal of TOC using biotreatment with fresh iron ore was 60-70% after 14 days of batch
cultivation. The removal of TOC using biotreatment with fresh iron ore was about 50% after 14 days of
continuous process with HRT 3-5 days.
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About 20% of recalcitrant organic compounds were removed quickly by non-treated iron ore
particles and (b) adsorption of other (30-50% of recalcitrant organic compounds) was due to adsorption
on ferrous/ferric hydroxides that are slowly produced by the microbial reduction of iron ore.

The pre-treatment of wastewater using bioreductin/oxidation of iron ore diminishes the quantity
of granulated activated carbon (GAC) for post treatment by up to 70%.
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