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Abstract Anaerobic digestion (AD) can remove the high

organic load of molasses wastewater (MWW), but is

ineffective in removing the characteristic dark brown col-

our caused by biorecalcitrant melanoidin. Ultraviolet (UV)

photodegradation, can mineralise the biorecalcitrants

leading to complete colour removal, but with a high-energy

input and low organic load removal. This study investi-

gated the plausibility of integrating the two processes for

organic load and colour reductions. Desk scale AD and

photodegradation processes were carried out in batch

reactors. A hybrid photocatalyst consisting of titanium

dioxide (TiO2) and zinc oxide (ZnO) was used for photo-

catalytic degradation. Biodegradation at thermophilic

conditions in the bioreactor achieved high total organic

carbon (TOC) and chemical oxygen demand (COD)

reductions of 80 and 90%, respectively, but with an

increased colour intensity. Contrastingly, UV photodegra-

dation achieved a high colour reduction of 92% with an

insignificant 6% TOC reduction, after 30 min of irradia-

tion. During photodegradation, the mineralisation of the

biorecalcitrant organic compounds led to the colour dis-

appearance. The energy required for the TOC reduction

was 40-fold higher than that required for the colour

reduction in the same irradiation period, suggesting that the

UV process was only suitable for colour reduction.

Therefore, there is a possible synergy when the two pro-

cesses are integrated, with AD preceding UV, where AD

removes the high COD/TOC while UV removes the

recalcitrant colour at a reduced cost.

Keywords Anaerobic digestion � Photodegradation �
Energy demand � Molasses wastewater � Synergy

Introduction

Alcohol production from molasses is among the most

polluting agro-based industries, generating a large amount

of wastewater with high organic content (Satyawali and

Balakrishnan 2008). Normally, for every litre of alcohol

that is produced, about 15 litres of high-strength distillery

effluent is generated (Wilkie et al. 2000; De Vrieze et al.

2014). In the distillation process, molasses is diluted and

taken to a fermenter to produce bioethanol with the addi-

tion of yeast. The fermentation broth is filtered and then

distilled to concentrate bioethanol. The final effluent after

the distillation process is the molasses wastewater (Arimi

et al. 2014; Chavan et al. 2006). Molasses wastewater

(MWW) pollutes the aquatic ecosystem due to its dark

brown colour, which cuts off light thereby preventing

photosynthesis, leading to the death of aquatic plants. The

high organic load [chemical oxygen demand (COD) of

80,000–100,000 mg/L] of the effluent leads to eutrophi-

cation, which further creates unwanted anaerobic condi-

tions in the aquatic systems (Jai Shankar Pillai et al. 2012).

MWW also affects agricultural crops in cases where it is

directly disposed of into the soil by causing soil acidifi-

cation (Navgire et al. 2012; De Vrieze et al. 2014). It is,

therefore, of a necessity to effectively treat MWW for its

high organic load and characteristic dark brown colour

before discharge into receiving streams.
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Anaerobic digestion (AD) has been employed conven-

tionally for the treatment of wastes such as MWW due to

its ability to degrade high strength wastewater with mini-

mal sludge production and energy recovery in the form of

biogas (Arnaiz et al. 2003). The AD process, however, is

incapable of complete removal of biorecalcitrant organic

compounds such as colour, causing melanoidin and phe-

nolic compounds found in MWW. These compounds,

especially the melanoidins, have a high inhibitory antimi-

crobial activity and are, therefore, not removed during AD

(Chandra et al. 2008; Liu et al. 2013). Melanoidins, which

constitutes 2% of the MWW, are polymeric in nature with

high molecular weight (usually [5.0 kDa) making them

anti-oxidative hence the recalcitrant nature (Liang et al.

2009; Liu et al. 2013). Moreover, in some instances, the

melanoidin compounds undergo polymerisation during AD

leading to the generation of AD effluents with a more

intense dark colour (Mohana et al. 2009). The AD process,

therefore, is only effective for organic load reduction with

a minimal or negligible reduction in colour. Since AD

alone cannot achieve effective MWW treatment, there is

need to integrate it with other treatment methods such as

advanced oxidation processes (AOPs), which can com-

pletely mineralize the recalcitrant organic pollutants and

are considered as highly competitive water treatment

technologies (Oller et al. 2011).

Photocatalytic degradation of MWW, an advanced oxi-

dation treatment, has been reported to be effective for the

complete removal of the biorecalcitrant melanoidins con-

tained in MWW leading to the colour disappearance. This

process, however, is ineffective for the removal of the high

organic content of MWW and has, therefore, been rec-

ommended for application as a plausible post-treatment to

AD (Otieno et al. 2016). Moreover, the widely used

semiconductor oxide photocatalyst titanium (TiO2) and

zinc (ZnO) despite having desirable properties such as low

cost, chemical stability, and high resistance to photo-cor-

rosion, still suffer from low quantum efficiency due to the

rapid recombination of electron–hole pairs (Bechambi

et al. 2015a; Jiang et al. 2013). The generated electrons

react with water molecules leading to the production of

highly reactive hydroxyl radicals (OH�), which initiate

micropollutant degradation in addition to direct hole attack

(Arany et al. 2014). To reduce the recombination rate and

improve quantum yield, TiO2 and ZnO have been modified

through doping with metals or non-metals or coupling with

other semiconductors (Bechambi et al. 2015b; Otieno et al.

2017). The coupling of ZnO with TiO2 has gained interest

recently as it results in the formation of a hybrid semi-

conductor (TiO2–ZnO) with superior photocatalytic activ-

ity and stability (Behzadnia et al. 2015). Jonidi-Jafari et al.

(2015) developed a TiO2–ZnO hybrid semiconductor

photocatalyst, which showed an improved activity in the

photodegradation of Diazinon as compared to TiO2 and

ZnO on their own. The improved activity was due to

increased quantum efficiency resulting from reduced

recombination rate of electron–hole pairs and extended

range of light absorption.

The capability of AD in treating MWW for the high

organic content and its inability to remediate the charac-

teristic dark colour is widely known. However, it is of a

necessity to gather information on the efficiency of

employing AOPs such as photocatalytic degradation

alongside AD, for colour and organic load elimination.

Bench-scale and pilot-scale studies are important for

information generation and development of technologies

for new treatment processes. Such studies have been found

to come in handy when investigating the possibility of

combining two or more technologies for the effective

treatment of wastewater (Oller et al. 2011). In this study,

therefore, we report the separate treatment of MWW

employing both AD and photocatalytic degradation using

TiO2–ZnO hybrid, on a bench scale. Of special interest is

the investigation of the plausibility of integrating the two

processes for effective MWW treatment based on energy

demand, and organic load and colour removal efficiencies.

Methods

Materials

Commercial molasses used for preparing MWW was out-

sourced from a local sugar milling company in Gauteng,

South Africa (RSA) and kept at room temperature (25 �C).
Cow dung used to prepare inoculum was obtained from a

farm (Carletonville, RSA) and stored in a refrigerator at

4 �C before use, to minimise the decomposition of essential

microbes. Zinc chloride (ZnCl2, 97%), sodium hydroxide

(NaOH), and titanium (IV) oxide (TiO2, peroxide P25)

used for synthesising the hybrid photocatalyst were sourced

from Sigma-Aldrich, RSA.

Equipment

The desk-scale lab experimental setup (Fig. 1a), for AD

consisted of an anaerobic batch reactor, a peristaltic pump,

and a water bath. The batch reactor was a cylindrically

shaped vessel with a total volume of 4 L and operational

volume of 3.5 L. The bioreactor was sealed with an airtight

lid at the top. Mixing was achieved by circulating the

wastewater using a peristaltic pump. The AD experiments

were maintained at thermophilic temperatures (55 �C) by
means of the water bath. Mariotte water displacement

method was used to collect the biogas produced. A batch

photoreactor of 500 mL capacity with a 12 W UVC lamp,
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was sourced from Puritech, RSA, and used for pho-

todegradation. The experimental setup for photodegrada-

tion consisted of a stirring plate, peristaltic pump, and a

photoreactor (Fig. 1b).

Catalyst synthesis and characterization

The hybrid catalyst, TiO2–ZnO with TiO2 to ZnO ratio of

1:1 by weight was synthesised adopting a previous method

employed by Jonidi-Jafari et al. (2015). In the method, ZnO

was precipitated on the surface of commercial TiO2, from

ZnCl2 and NaOH. The obtained hybrid was dried, calcined

at 500 �C in a muffle furnace and characterised. The

characterisations were carried out using scanning electron

microscopy–energy-dispersive X-ray spectroscopy, SEM–

EDX, (SEM-FEI Quanta 250 FEG ESEM with an inte-

grated Oxford X-Max 20 EDX system), X-ray diffraction

(XRD, Rigaku – Ultima IV, X-ray 40 kV, scan range 3�–
90�), and a Jasco spectrofluorometer FP-8600 at an exci-

tation wavelength of 425 nm.

Inoculum preparation and bioreactor operation

The inoculum was prepared by diluting the obtained cow

dung using distilled water forming a slurry, which was then

fed with glucose and nutrients to enhance the active

microorganism population. The inoculum was thereafter

incubated at thermophilic conditions in the water bath

while adding MWW gradually, for acclimatisation, until a

stable of pH of about 7 was obtained. Molasses wastewater

(MWW) for AD, was prepared by diluting the commercial

molasses obtaining a substrate of desired initial concen-

tration. The characteristics of the commercial molasses,

inoculum and the prepared MWW for AD are given in

Table 1. To start the biodegradation experiment, the

bioreactor was fed with the initially prepared inoculum and

MWW. The mixture was diluted obtaining an initial total

organic carbon concentration (TOC) and chemical oxygen

demand (COD) of 3200 and 6600 mg/L, respectively.

Fig. 1 Schematic representations of equipment setup for a anaerobic digestion, and b photodegradation

Table 1 Characteristics of commercial molasses, inoculum and

MWW for AD

Substrates Parameters Units Value

Commercial molasses Dissolved solids % 76.2–81.2

Total sugars as invert % Approx. 50

Invert sugar % Approx. 20

Sucrose % Approx. 30

Ash % 16 Max

pH 6.0

Inoculum pH 6.8–7.8

COD mg/L 444

MWW for AD COD mg/L 6600

TOC mg/L 3200

pH 7.04

Phosphates mg/L 133.3

Nitrates mg/L 7.14

Sulphates mg/L 285.49
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During digestion, samples were periodically collected from

the bioreactor and analysed to investigate operating

parameters such as COD, pH, TOC, biogas production, and

nutrients reduction.

Photodegradation studies

For photodegradation purposes, the commercial molasses

was again dissolved in distilled water to obtain a dark

coloured MWW, but with minimal organic content (initial

TOC concentration of 500 mg/L), as compared to the

MWW used in AD, which had an initial TOC of 3200 mg/

L. The synthesised catalyst was added to the prepared

MWW at a catalyst loading of 1 g/L in the dark and con-

tinuously stirred for 1 h ensuring adsorption–desorption

equilibrium. After adsorption, the solution was transferred

to the photoreactor via a peristaltic pump for irradiation.

Samples were taken at predetermined time intervals, sub-

sequently filtered with 0.45 lm membrane filters and then

analysed for colour and TOC. To monitor the mineralisa-

tion process during photodegradation, samples withdrawn

at different time intervals were analysed for the presence of

organic functional groups.

Analytical methods

Chemical oxygen demand (COD) analysis was carried out

using closed reflux colorimetric method with potassium

dichromate solution as oxidant and nano colour colorime-

ter. Colour analysis was determined from the absorbance at

kmax of 475 nm using a UV–Vis spectrophotometer (T80?

UV/VIS Spectrometer, PG Instruments Ltd). TOC was

determined from a TOC analyser (TELEDYNE Tekmar),

while nutrient analysis was done using ion chromatography

(IC, 882 Compact). The biogas composition was analysed

using gas chromatography (Trace 1310 GC). Change in

organic functional groups during photodegradation due to

the mineralisation of the organic recalcitrants was deter-

mined from Fourier to transform infrared (PerkinElmer FT-

IR/NIR).

Findings

Catalyst characterization

From the SEM image of TiO2–ZnO, Fig. 2, a possible

hybridization of ZnO and TiO2 can be seen from the well

dispersed smaller ZnO particles on the surface of the bigger

TiO2 particles, similarly observed by Jonidi-Jafari et al.

(2015). The presence of ZnO nanoparticles well distributed

on the surface of TiO2 nanoparticles is of importance as it

retards charge recombination. ZnO has a lower electron

affinity to organic chromophores as compared with TiO2.

The nanoparticles of ZnO are regarded as highly efficient

charge traps, providing enough distributed surface traps,

thereby reducing the charge recombination with minimal

hindrance to organics-TiO2 electron injection (Mozaffari

et al. 2015). The XRD patterns in Fig. 3a and photolumi-

nescence (PL) spectra Fig. 3b show the crystalline struc-

ture and the electron–hole pairs recombination rate of the

catalysts, respectively. In the XRD patterns, peaks

observed for the ZnO curve represents hexagonal wurtzite

ZnO (Zhang et al. 2012; Bechambi et al. 2015a, b). The

XRD curve for TiO2 has peaks characteristic of anatase

crystalline phase (Bel Hadjltaief et al. 2016). Liao et al.

(2008) observed a similar curve for TiO2 with a dominant

peak corresponding to 2h = 25.3� in the pattern and

attributed it to a dominant anatase phase.

XRD peak intensity is proportional to the content of

corresponding crystallites and also the sharpness of the

peak indicates higher crystallinity (Ohtani 2010; Bechambi

et al. 2015a, b). The ZnO catalyst with sharp and intense

XRD peaks was more crystalline than TiO2 that had less

intense peaks. Coupling ZnO with TiO2 to form TiO2–ZnO

hybrid altered the crystallinity of both catalysts while

maintaining the phase composition as seen with the

reduction in peak heights, but with the retention of number

and position of peaks. In the TiO2–ZnO nanocomposite,

both the characteristic peaks of wurtzite ZnO and anatase

TiO2 were gradually decreased. The crystalline phase of

the hybrid was more composed of ZnO than TiO2 as

observed with the high number of peaks corresponding to

ZnO. The XRD patterns thus indicate a successful prepa-

ration of TiO2–ZnO hybrid.

The PL spectra are generally used in the study of surface

processes that involve electron–hole pairs of a catalyst.

Electron–hole pair recombination resulting after a photo-

catalyst has been irradiated causes emission of photons,

Fig. 2 SEM image of TiO2–ZnO
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which results in photoluminescence. This behaviour is

caused by the reverse radiative deactivation from the

excited state (Xu et al. 2010). From the PL intensities in

Fig. 3b, the hybrid TiO2–ZnO had the lowest intensity as

compared to the pure ZnO and TiO2 thus indicating a

reduced electron–hole pair recombination (Bechambi et al.

2015a, b). The reduced recombination is attributable to

effective separation of electron/hole pairs in the hybrid

system (Liu et al. 2010). In this system, transfer of elec-

trons can take place from the conduction band (CB) of

TiO2 to that of ZnO, while hole transfer takes place from

the valence band of ZnO to that of TiO2 (Wang et al. 2013).

This leads to charge separation efficiency, increased

charged carriers lifetime and efficient transfer of interfacial

charge to adsorbed substrates (Habib et al. 2013).

Anaerobic digestion

Effect of pH change on the production of biogas

Figure 4 represents the daily amount of biogas produced and

pH variations during anaerobic digestion of MWW. From

previous studies, it has been reported that an optimum pH

range for the growth ofmethanogens lieswithin pHof 6.0–8.0

(Apollo et al. 2013; Acharya et al. 2008). The steady increase

in pH over time is a sign of proficient degradation of the

organic compounds into methane and carbon dioxide. The

best degradation rate of organicmatterwith the highest biogas

volume of 700 mL/day produced was attained at a pH level

lower than 7.5. These findings are consistent with previous

studies conducted by Li et al. (2011). The increase in pHmay

be attributed to the formation of ammoniumnitrogen,which is

generated during the degradation of proteins (Drosg 2013).

According to Chen et al. (2008),methanogens have the lowest

tolerance for ammonium nitrogen and are most likely to stop

growing due to ammonia inhibition. The initial rapid increase

in biogas production can be attributed to the readily available

biodegradable organics in the feed, resulting in the high

generation of methane during the initial stages of the process.

The results also show that biogas production ceased on the 9th

day at a substrate pH of 8.2. Thismay be due to the generation

of the ammonium nitrogen and the depletion of the

biodegradable organic substrate.
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Cumulative biogas volume and biogas composition

obtained during AD

Figure 5a, b shows the cumulative amount of biogas pro-

duced as a function of time and the biogas composition

after 9 days. After 9 days of AD, a total volume of

1839 mL of biogas was produced. The average composi-

tion of the biogas obtained was 91.74 and 8.26% for

methane and carbon dioxide, respectively.

TOC, COD, nutrient, and colour reductions

during AD

The results obtained in this study show a significant dif-

ference in the percentage reduction of COD and TOC

concentrations (Fig. 6). The reduction was due to the

degradation and conversion of organic compounds into

biogas (mainly CH4 and CO2). The achieved removal

efficiencies of COD and TOC during the anaerobic treat-

ment of MWW were 90 and 80%, respectively. It was

reported by Ibn Abubakar and Ismail (2012), that biocon-

version of organics into biogas is highly influenced by

microbial activity within the biodigester. Therefore, factors

such as biogas volume, production rate, and methane

composition (shown in Figs. 4, 5a, b, respectively) are

indicative of the readily available organics for chemical

oxidation. The AD system is thus very effective in

removing the high organic load of MWW with the recovery

of bioenergy in form of biogas.

The reduction of nutrient concentration during the

anaerobic treatment of MWW is shown in Fig. 7. The

general decrease in nitrates and phosphates indicate their

consumption by the anaerobic bacteria for microbial cell

growth (Jackson-Moss and Duncan 1990). Alternatively,

the concentration reduction of nitrate could have been due

to the denitrification process in the bioreactor (Acharya

et al. 2008). In the present study, the sulphate concentration

reduced from 285.49 to 47.5 mg/L on the 9th day, resulting

in a high sulphate removal rate. The high sulphate removal

was also observed by Satyawali and Balakrishnan (2008)

and was attributed to sulphate consumption by anaerobes

as nutrients, and by sulphate reducing bacteria (SRB).

The colour intensity increased by 49% during the

anaerobic process as depicted by the negative reduction in

Fig. 8. The increased intensity could be due to the re-

polymerization of the colour causing melanoidin com-

pounds (Liang et al. 2009). Apollo et al. (2013) also

observed similar results with a 13% increase in colour

intensity during AD of MWW at mesophilic conditions.
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obic digestion of MWW
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The high increase observed in this study is attributable to

the thermophilic conditions employed, which offers con-

ditions similar to those leading to the formation and

polymerization of melanoidins (Satyawali and Balakrish-

nan 2008). It is noticeable that biological treatment of

MWW with AD is highly effective in reducing the high

organic load, but very poor in colour removal. In this case,

anaerobically-treated molasses wastewater effluent cannot

be directly discharged into receiving streams without

undergoing further treatment. For this reason, AD should

be combined with a post-treatment method for colour

abatement.

Photodegradation studies

Colour reduction during photodegradation

Unlike the anaerobic digestion, which was poor in colour

reduction, photodegradation was found to be very effective

in colour reduction. The highest colour removal of 92%

was achieved with the TiO2–ZnO hybrid as compared to

TiO2 and ZnO which had 75 and 48% removals, respec-

tively, after 30 min of irradiation, Fig. 9. The overall

activity of the two semiconductors, when used in the

hybrid, outweighed the sum activity of each signifying the

realisation of a synergistic effect (Ohtani 2010). The hybrid

photocatalyst had improved activity attributable to a

reduced recombination rate of electron–hole pairs as

observed in the PL analysis (see Fig. 3b). Coupling of ZnO

and TiO2, therefore, resulted in a highly photoactive hybrid

catalyst capable of removing MWW colour after a short

irradiation time.

Energy demand and mineralisation process

Thirty minutes of UV light irradiation achieved colour

reduction of 92%, and only 6% of TOC removal was rea-

lised, Fig. 10a. Again, apart from synergy in colour

reduction, another synergy for TOC reduction was

revealed. Thus, AD complements photodegradation in

TOC reduction, while photodegrading aides in colour

reduction. Removal efficiency for organic pollutants under

UV photocatalytic processes can be determined from the

energy requirement of the process. Energy efficiency of the

photocatalytic processes can be evaluated using electrical

energy per order (Eo), which is defined as the required

amount of electrical energy for the reduction of pollutant

concentration in water. The Eo is convenient for comparing

the effectiveness of removal of various pollution parame-

ters such as TOC and colour for the same wastewater. Also

for the purposes of process optimisation and operation, the

knowledge of electrical energy requirement for removal of

contaminants is of great interest. The electrical energy

efficiency of the batch photodegradation process was

determined from electrical energy per order (Eo) given by:
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Eo ¼
P� t � 1000

V � 60� log Ci=Cf

� � ; ð1Þ

where P is the lamp power (kW), t is the duration of

irradiation (minutes), V is the amount of wastewater

degraded (L), Cf and Ci are the final and initial concen-

trations, respectively, (Jonidi-Jafari et al. 2015). It was

observed from Fig. 10a, that after 60 min of irradiation, the

colour removal of 92% only required 10.42 kWh/m3 of

energy as compared to 452.83 kWh/m3 of energy required

for the 6% TOC removal during the same period, further

demonstrating the high-energy requirement for UV photo-

reduction of TOC. Smaller values of are desirable as they

signify efficient processes requiring less electrical energy

in achieving the treatment goal (Shu et al. 2013).

The UV photodegradation process exhibited better and

more efficient performance for the reduction of MWW

colour as compared to the reduction of TOC. The colour

causing melanoidin compounds were easily degraded under

UV irradiation as compared to the more stable organic

compounds responsible for TOC. Treatment of MWW

using a UV photocatalyzed process for TOC reduction is,

therefore, not feasible given the high electrical energy

consumption resulting in high cost of operation. The higher

the Eo value of a pollutant parameter, the costlier and more

difficult it will be to remove that parameter, relative to

other parameters with lower Eo values.

The FTIR spectra of MWW samples undergoing pho-

todegradation at different time intervals (Fig. 10b), showed

decreased peak intensities with increased irradiation time

signifying mineralisation of the organic recalcitrant. After

60 min of irradiation, the peak intensities were reduced as

compared to 30 min of irradiation, and upon continued

irradiation, for another 60 min, the characteristic broad OH

peak appearing at 3000 cm-1 was almost diminished. Even

though after 60 min all the colour had been removed, the

observed broad characteristic –OH peak indicated the

presence of organic compounds, which required further

irradiation for complete mineralisation. Colour disappear-

ance, therefore, does not signify complete mineralisation as

in most cases the colour causing melanoidin is first broken

down to colourless intermediates such as salicylic acid.

Because of the high-energy demand by the UVC lamp, a

prolonged period of irradiation to achieve complete min-

eralisation at high initial TOC will result in high cost of

operation. This further highlights the importance of

employing photocatalysis alongside other treatment pro-

cesses such as biodegradation, where the high TOC will be

first removed before the rapid removal of the biorecalci-

trant colour-causing melanoidin compounds through UV

photodegradation.

Conclusion

Anaerobic digestion is very effective for the removal of the

high organic load from MWW, but ineffective in removing

the characteristic dark brown colour caused by biorecalci-

trant melanoidins. UV photodegradation, on the other hand,

can degrade the colour causing melanoidins leading to

complete colour removal after a short duration of irradia-

tion. However, the UV process is energy intensive and

incapable of effective TOC reduction. For effective MWW

treatment, these two processes can be integrated such that
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UV photodegradation is applied as a post-treatment to AD.

In this system, the AD will first remove the high organic

content followed by colour removal by the UV process.

This integrated process, however, needs to be optimised to

determine the best operational and combinational factors.

Evaluating the overall energy demand of such a system is

also important in determining whether the bioenergy pro-

duced from the AD process can be used to supplement the

energy requirement of the integrated system.
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