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a b s t r a c t

The pigments (melanoidins) in molasses wastewater are refractory to conventional biological treatment.
Ferric chloride was used as coagulant to remove color and chemical oxygen demand (COD) from molasses
effluent. Using jar test procedure, main operating conditions such as pH and coagulant dosage were
investigated. Under the optimum conditions, up to 86% and 96% of COD and color removal efficiencies were

3+
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loc size distribution
echanism

achieved. Residual turbidity in supernatant was less than 5 NTU and Fe concentration was negligible
because of effective destabilization and subsequent sedimentation. The results of high performance size
exclusion chromatography (HPSEC) show that low molecular weight (MW) fraction of melanoidins is
more reactive than high MW fraction and increase in the concentration of the lowest MW organic group
is related to the capacity of charge neutralization. Aggregate size measurement reveals the size effect
on the settleability of flocs formed, with larger flocs settling more rapidly. Charge neutralization and
co-precipitation are proposed as predominant coagulation mechanism under the optimum conditions.
. Introduction

Molasses, a by-product of sugar production, is the most common
aw material for fermentation industries such as baker’s yeast and
thanol production because of its low cost and high content of sugar.
owever, one major problem faced in this fermentation process is

he generation of large quantity of wastewater with high organic
ollutant loading and dark brown color.

Conventional biological processes, typically anaerobic diges-
ion and activated sludge, are effective in removing biochemical
xygen demand (BOD) from molasses wastewater. However, the
rown color remains or even darkens in the biologically treated
ffluent due to repolymerization of pigments [1]. The colored
ompounds, known as melanoidins, are formed during the non-
nzymatic browning reaction (Millard reaction) between amino
ompounds and carbohydrates. As a type of high molecular weight
olymers in nature [2], melanoidins are anti-oxidant and thus recal-
itrant to bio-degradation. Melanoidins in the treated effluent are

azardous in that they prevent sunlight penetration and reduce
oth photosynthetic activity and dissolved oxygen level of surface
aters [3].

∗ Corresponding author. Tel.: +86 27 67883998; fax: +86 27 87481030.
E-mail address: yx.wang@cug.edu.cn (Y. Wang).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.03.036
© 2009 Elsevier B.V. All rights reserved.

Different approaches such as membrane processes [4], chemi-
cal oxidation using ozone [5], Fenton reagent [6] and supercritical
water oxidation [7] have been tested to remove COD and color
from molasses effluent. Besides, certain microorganisms, such as
white rot fungi, have been found capable of degrading melanoidins
under nutrient limitation conditions [8]. These methods, however,
are commonly associated with less effective decolorization rate,
high equipment and operational cost, and simultaneous genera-
tion of by-products which are potentially more hazardous [9]. Up
to date, none of the methods have been successfully applied in the
treatment of molasses wastewater. Therefore, cost-effective tech-
niques are urgently needed for the advanced treatment of molasses
wastewater.

Coagulation–flocculation is an essential unit process in remov-
ing colloidal particles and natural organic matters (NOM) in water
[10] and wastewater treatment [11]. Since melanoidins are chemi-
cally similar to NOM, this process is possibly applicable to remove
melanoidins. Aluminum-based salts and iron-based salts are the
most commonly used coagulants. Iron salts have been reported
to be more effective than alum salts in the removal of dissolved
organic carbons. In addition, public health concern has recently

arisen about residual alum ion levels in the coagulated water which
have additional risk of development of Alzheimer’s disease. In
recent years, we have experimentally tested the viability of cellular
iron for decolorization of dyeing wastewater [12]. Therefore, ferric
chloride, a conventional coagulant, was selected in this work for

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:yx.wang@cug.edu.cn
dx.doi.org/10.1016/j.cej.2009.03.036
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Table 1
Properties of the biologically treated molasses effluent.

Parameter Units Range

pH 7.9–8.1
COD mg/L 950–1000
BOD5 mg/L 20–25
Color Abs/cm 1.3–1.4
Turbidity NTU 20–25
Alkalinitya mg/L 1800–1950

dependent phenomenon is probably due to the deprotonation of
acidic organic functional groups, such as carboxylic acid, present in
melanoidins:

COOH → COO− + H+ (1)
Z. Liang et al. / Chemical Eng

he polishing treatment of biologically treated molasses wastewa-
er.

Migo et al. [13] reported decolorization of molasses wastewater
sing polyferric sulfate. Ryan et al. [14] compared electrocoagula-
ion with coagulation in the effectiveness of removing residual color
nd COD from molasses process water. However, optimization of
he most influential parameters, such as pH and coagulant dosage,
as yet to be established. As a part of an extensive research project
iming at establishing national standards of wastewater discharge
n yeast industry in China, the objectives of this study are to test
he feasibility of removing COD and color from biologically treated

olasses wastewater using ferric chloride and to investigate main
perating parameters such as pH and coagulant dose that influence
oagulation performance. Molecular weight of organic compounds
as determined using HPSEC and floc size was measured using light

cattering technique. Coagulation mechanism under the optimal
onditions is proposed. The experimental results are important for
roviding basic parameters serving the coagulation technique of
io-treated molasses wastewater.

. Experimental

.1. Materials and methods

Molasses wastewater was taken from a yeast manufacturing fac-
ory located in Hubei province of China. The factory has a full-scale
wo-staged biological treatment facility. Samples under investi-
ation were collected from a single batch of aerobically treated
ffluents. All samples were stored in 25 L plastic carboys and kept
n refrigerator at 5 ◦C before use.

Ferric chloride was of analytical grade and prepared as 250 g/L
tock solution by dissolving ferric chloride into distilled water.

.2. Coagulation procedure

Coagulation/flocculation tests were conducted using a con-
entional jar test apparatus (TA-6, China). For each trial, 500 mL
amples were poured into 1 L beakers. The pH was adjusted to
esired value using concentrated sulfuric acid or sodium hydrox-

de. Coagulant was added and jar tests began with rapid mixing at
00 rpm for 1 min, followed by slow agitation of 60 rpm for 10 min.
he flocs formed were then allowed to settle. The end of sedimenta-
ion was set at a time when no appreciable settlement of flocs was
bserved. Finally, approximately 150 mL samples were withdrawn
ith a plastic syringe from near 2 cm below liquid–air interface for

hemical analysis. All the experiments were carried out at ambient
emperature (25–28 ◦C).

.3. HPSEC

The molecular weight distribution of molasses pigments was
etermined using HPSEC. The samples were first filtered through a
.45 �m membrane and then HPSEC fractionated with a Hewlett-
ackard HPLC 1100-series system, equipped with a refractive index
RI) detector (G1362A, Agilent) and a PL aquagel-OH column (prod-
ct number: 79911GF-083, Agilent). Deionized water was used as
luent at a flow rate of 1 mL/min. Injection volume was 5 �L. The
ata were processed with ChemStation software.
.4. Floc size measurement

Immediately after rapid mixing step, 5 mL flocs was collected
rom sampling hole of the beaker and diluted to 50 mL with distilled
ater to prevent further agglomeration. Floc size distribution was
easured using a laser grain-size analyzer (LS230, USA).
Cl− mg/L 1500–1700
SO4

2− mg/L 240–260

a Alkalinity expressed as CaO.

2.5. Analytic method

The pH value was measured with a bench-scale pH meter (PHS-
25, China). Calibration was regularly carried out with pH 6.86 and
pH 4.00 standard buffers. COD was measured by closed-reflux
method using dichromate as oxidant. BOD was measured in accor-
dance with national standards [15]. Dissolved oxygen (DO) was
determined using a portable DO meter (YSI 55, USA). Color was
expressed as optical density and measured at the absorbance of
475 nm, a wavelength that characterizes brown color, using a spec-
trophotometer (722S, China). The pH of sample was adjusted to
5 with concentrated sulfuric acid or sodium hydroxide solution
and centrifuged at 4000 rpm for 20 min prior to spectrophotomet-
ric measurement. Turbidity was directly read on a turbidity meter
(TDT-2, China) in nephelometric turbidity unit, NTU. Zeta potential
was assayed using a zeta meter (Nano-2S90 Zeta Sizer). A phenan-
throline method was used to analyze both ferrous iron and total
iron concentration in coagulated effluent [16].

3. Results and discussion

3.1. Wastewater characterization

Aerobically treated molasses effluent is weakly alkaline, low in
BOD but high in COD. The main characteristics of this effluent are
listed in Table 1.

The change in zeta potential with pH is presented in Fig. 1.
Zeta potential decreases with increase in effluent pH. This pH-
Fig. 1. Zeta potential as a function of effluent pH.
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Fig. 2. Removal efficiencies as functions of coagula

Increase in pH facilitates deprotonation process, thus resulting
n more negatively charged effluent. Zeta potential retained nega-
ive in the whole pH range tested and the raw effluent was highly
egatively charged (−30 mV). Since large amount of coagulant is
equired for co-precipitation of carboxylic groups [17], substantial
ron demand is expected.

.2. Effect of coagulant dose and pH on COD and color removals

Visual inspection of coagulated effluent indicates that iron
osage varies greatly with initial pH. Therefore, different dosage
ange was tested with varying initial pH levels.

COD removal efficiency as a function of coagulant dose at differ-
nt initial pH is given in Fig. 2(a). The curves of COD removal show
common tendency: removal efficiency first rises with increasing

oagulant dose, reaching the maximal value, and then decreases
ith further coagulant addition. The optimum coagulant dose

OCD) in this study is defined as the lowest coagulant dosage at
hich maximum COD removal efficiency is achieved. As shown

n Fig. 2(a), the OCDs in the pH range of 7–9 were 3.0 g/L, 3.5 g/L
nd 4.0 g/L, respectively, but the OCD was only 1.25 g/L at pH 6. On
he other hand, less satisfactory COD removal efficiency (69%) is
ttained at pH 6 compared to those at higher pH levels (>80%).

The tendency of decolorization curves is consistent with that

f COD removal and the optimum doses for decolorization rates
oincide with the OCDs in the pH range tested (Fig. 2(b)). Almost
omplete color removal (96%) was achieved at OCD for raw efflu-
nt, implying that melanoidins can be successfully reduced by
oagulation. Besides, organic removal accompanied by decoloriza-

Fig. 3. Residual turbidity and ferric concentration as functions of coa
se and pH: (a) COD removal and (b) color removal.

tion confirms that melanoidins constitute major portion of organic
compounds in bio-treated molasses wastewater. Similar to COD
removal, decolorization rate in the pH range of 7–9 is significantly
higher than at pH 6. Visual inspection also reveals much light-
colored supernatant at higher pH compared to that at pH 6 at the
OCDs. Therefore, initial pH of molasses effluent should at least be
neutral to maintain a more stable COD (color) removal efficiency.

3.3. Effect of coagulant dose and pH on residual turbidity and
ferric concentration

Iron dosage corresponding to the lowest residual turbidity coin-
cides with the OCD for all the pH values tested, as shown in Fig. 3(a).
Moreover, the better the removal efficiency, the lower the residual
turbidity. For instance, the lowest turbidity was less than 10 NTU
in the pH range of 7–9, compared to 53 NTU at pH 6, a value even
higher than that without coagulation.

Iron residual concentration of the coagulated effluent decreased
with increase in coagulant dose, reaching the lowest levels at OCDs,
and then soared with further coagulant addition (Fig. 3(b)). The only
exception occurred at pH 6 where iron residual concentration at
1.0 g/L was higher than at 0.75 g/L. In the pH range of 7–9, residual
ferric concentration at the OCDs was less than 2% of Fe(III) added,
which means that almost all the metal ion introduced is in solid

phase (i.e., settling flocs). In comparison, the OCD at pH 6 gave rise
to iron residual concentration of about 7% of Fe(III) added. Generally,
residual ferric concentration correlates well with residual turbid-
ity, implying the contribution of non-precipitated Fe(III) species to
residual turbidity.

gulant dose and pH: (a) turbidity and (b) ferric concentration.
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Fig. 4. Ferrous concentration as

In most cases, residual turbidity at lower coagulant dose was
uch higher than that of uncoagulated effluent. This negative effect

s probably due to the fact that ferric dosage is capable of converting
issolved melanoidins fraction into insoluble form through surface
omplexation, but not enough for melanoidins–Fe(III) complexes
o aggregate into settleable flocs, resulting in elevated residual tur-
idity and ferric content.
.4. Effect of coagulant dose and pH on redox potential of Fe(III)

For iron, redox reaction is likely to be involved in addition to
ydrolysis process. Fe precipitates to a very large extent in the form
f Fe(III). On the other hand, when Fe(III) in solution is reduced

Fig. 5. Zeta potential and final pH as functions of coagula
ction of coagulant dose and pH.

into Fe(II) by dissolved organic matters, the tendency for Fe(III)
precipitation decreases considerably [18]. NOM-facilitated solubi-
lization of iron in natural water is generally considered to be the
result of Fe(III) reduction to Fe(II). Accordingly, ferrous concen-
tration in supernatant was examined as an indirect evidence of
potential redox reaction during coagulation process.

Different from ferric residual, residual ferrous concentration
shows a tendency of gradual increase with coagulant dose (Fig. 4).

Theoretically, the redox potential of Fe3+/Fe2+ is +0.771 V under
acidic condition, but is negative in alkaline region. Increase in
coagulant dosage lowers solution pH towards more acidic region,
thus favoring organic removal through redox process, which should
account for increasing ferrous content in the finished effluent. Fer-

nt dose and pH: (a) zeta potential and (b) final pH.
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ous concentration at the OCDs accounts for approximately 2%
f coagulant added when the value of pH is above 7. This con-
rms the anti-oxidative property of melanoidins which renders
hem recalcitrant to not only biological but chemical oxida-
ion.

.5. Zeta potential and final pH

Melanoidins carry negative charge which is neutralized by
ationic Fe(III) hydrolytic species, resulting in rising zeta potential,
s shown in Fig. 5(a). There is also marked difference between pH 6
nd other pH values. Zeta potentials at the OCDs were in the range
f −3 to +4 mV in the pH range of 7–9, indicating minimal net sur-
ace charge as a result of charge neutralization. Zeta potentials at
H 6, however, remained negative in the whole dosage range. Even
t the OCD, the coagulated effluent was highly negatively charged
ince zeta potential was only −20 mV.

The curves of final pH (Fig. 5(b)) basically consist of three
omains. At pH 8, for instance, pH dropped from 6.6 to 5.8 with

ncrease of coagulant dosage from 2.0 g/L to 3.0 g/L, falling more
han 2.5 units in the dosage range of 3.0–4.0 g/L but less than 0.4 unit
n the maximal range of 4.0–4.5 g/L. Although hydrolysis of metal
alts results in pH relaxation, alkalinity in the effluent functions
s an effective pH buffer at lower coagulant dosage. With increas-
ng coagulant dose, especially towards the OCD, rapid consumption
f alkalinity by released hydrogen ion leads to sharp decrease in
olution pH.

It is noteworthy that despite significant difference in coagulation
ehavior between initial pH 6 and other pH values, final pH levels
t OCDs were squeezed in a narrow range of 4.2–4.6. This suggests
hat final pH is the most influential factor in the coagulation of
io-treated molasses wastewater using ferric chloride.

.6. HPSEC chromatograms

Fig. 6(a) presents three different peaks in the raw effluent. Even
hen ferric salt was underdosed, intensity of the peak I was sig-
ificantly reduced and the peak II disappeared (Fig. 6(b)). Though
he exact molecular weight was not obtained, it is reasonable
o postulate that the peak I and II correspond to the high and
ow molecular weight (MW) fractions of melanoidins, respectively,
iven that melanoidins is the major organics removed by coagula-
ion. With NOM, it is generally accepted that high MW fractions are

ore easily removed than low MW fractions [19]. The chromato-
raphic results show that low MW fraction of melanoidins seems to

referentially react with hydrolytic iron species and is destabilized
hrough the formation of insoluble melanoidins–Fe(III) complexes.
hough these complexes may not exhibit good settleability, they
an be removed by filtration pretreatment of HPSEC. At the same
ime, the intensity of peak III increased sharply, indicating that the

ig. 6. HPSEC chromatogram of molasses effluent before and after coagulation: (a) raw w
g Journal 152 (2009) 88–94

lowest MW fraction is obviously not amenable to removal by coag-
ulation. Manka and Rebhum [20] attributed rising concentration of
the lowest MW fraction to the formation of unidentifiable group.
Concentration of the high MW fraction continued to diminish with
iron dosage while the intensity of peak III soared to more than
35,000 nRIU at the OCD (Fig. 6(c)) and 40,000 nRIU at the maxi-
mum dose (4.5 g/L) (Fig. 6(d)). Since increase in coagulant dosage
enhances the capacity of charge neutralization (CN), the CN effect
is hypothesized to be responsible for rising concentration of the
unidentifiable group. The overall process of HPSEC leads to the elu-
tion of organic matter in the order of decreasing molecular size.
Noticing that elution time of the peak I shortened from 5.7 min
(without coagulant) to about 5.1 min (4.5 g/L), it is likely that change
in structure or depolymerization associated with destabilization of
melanoidins is probably responsible for rising concentration of the
unidentifiable group.

3.7. Floc size distribution

Ferric chloride produced a quasi-unimodal size distribution with
the mode at approximately 32 �m at 2.0 g/L (Fig. 7). At the OCD,
however, this unimodal distribution developed into a bimodal size
distribution with a fine mode in the range of 1.6–2.2 �m and a
coarse mode at approximately 8 �m. The fine mode consisting of
small aggregates is likely to be formed by the low MW fraction
of melanoidins. At the maximum dose, the fine mode disappeared,
leaving a unimodal (at approximately 34 �m) size distribution sim-
ilar to that at underdosed coagulant dosage. Disappearance of fine
mode suggests that low MW fraction of melanoidins is more likely
to restabilize due to charge reversal than high MW fraction when
ferric salt is overdosed.

Table 2 presents the statistic results of aggregate size at varying
iron dosage. When either underdosed or overdosed, mean floc size
was almost the same, compared to much smaller floc size at the
OCD. Visual inspection during experiment revealed much clarified
supernatant accompanied by low settling rate of flocs. This means
that for ferric chloride, the settleability of flocs formed depends on
aggregate size with larger flocs settling more rapidly.

3.8. Coagulation mechanism at OCDs

Two mechanisms may explain the coagulation and precipitation
behavior of hydrolyzing metal salts: at low pH, charge neutral-
ization of negatively charged particulates by cationic hydrolysis
metal species may occur; and at higher coagulant dosages and ele-

vated pH, adsorption of micron particles onto amorphous metal
hydroxide flocs followed by precipitation is assumed to play the
predominant role [21]. Experimental evidence for such a destabi-
lization mechanism is usually obtained from electrophoretic or zeta
potential studies.

astewater, (b) coagulant 2.0 g/L, (c) coagulant 3.5 g/L, and (d) coagulant 4.5 g/L.
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of 7–9, while co-precipitation alone plays the predominant role for
the destabilization of melanoidins at pH 6. Lack of the ability to
effectively neutralize the negative surface charge of melanoidins
accounts for worse coagulation performance at pH 6 as compared
to that at other pHs.
Fig. 7. Floc size distrib

The sign of zeta potential at OCDs in the pH range of 7–9 does
uggest charge neutralization mechanism, while charge neutraliza-
ion is not responsible for the destabilization of melanoidins at pH
, given still highly negative zeta potential at the OCD. On the other
and, coagulation performance also depends on the extent to which
elanoidins can be settled. Since the major portion of melanoidins

hould be in dissolved form (<0.45 �m), as indicated by relatively
ow turbidity of the raw effluent, the destabilized particle formed,
specially in the case of low MW fraction of melanoidins, may not
e able to aggregate into flocs with good settleability. In this regard,
he results obtained at pH 6 may shed more light on the coagulation

echanism. The increase of iron dose, especially at the maximum
osage, favors charge neutralization mechanism at pH 6. Therefore,
ecreasing coagulation performance above the OCD is apparently
ot due to charge reversal-related restabilization in excess of metal
ations, but due to poor settleability of aggregates formed when
nal pH drops out of the effective range. Since final pH controls the
peciation of hydrolysis products of metal salts, this implies that
t OCDs, certain amount of high MW hydrolytic Fe(III) species, i.e.,

erric hydroxide, is required to serves as nucleating site for soluble
e–melanoidins complexes to precipitate or to function as bridg-
ng agent for primary particles to agglomerate into settleable flocs.
he zero point of charge of amorphous ferric hydroxide is about

able 2
loc size at varying dosage of ferric chloride.

oagulant dose (g/L) 2.0 3.5 4.5
verage size (�m) 24.2 6.2 25.8
50 (�m) 27.9 8.4 27.8
of coagulated effluent.

pH 8 [22]. At pHOCDs, the initially formed colloidal precipitate is
positively charged and, hence, colloidally stable [23]. This suggests
that co-precipitation also plays a vital role in the coagulation of
melanoidins from molasses effluent.

Accordingly, the combined effects of charge neutralization
and co-precipitation may be responsible for the coagulation of
melanoidins from molasses effluent at the OCDs in the pH range
Fig. 8. Optimized COD removal and final pH as functions of coagulant dose.
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.9. Determination of effective pH range

It is necessary to determine the effective final pH range since pH
s the most important parameter in the coagulation performance
f ferric chloride. This can be achieved by narrowing iron dosage
ange considering that final pH is usually the consequence of vari-
ble coagulant dosage. The result of raw effluent (initial pH 8) is
hown in Fig. 8.

COD removal efficiency was initially increased with increment-
ng ferric addition, reached a plateau in the dosage range of
.3–3.6 g/L, and then dropped at the maximum dosage (Fig. 8). Con-
equently, the corresponding pH of 4.1–5.0 is determined as the
ffective pH range for ferric chloride. This is in good agreement
ith the optimum pH of 4–5 reported in a numbers of literatures

24,25] for NOM coagulation using ferric chloride.

. Conclusions

The following conclusions can be obtained from the present
tudy.

1. When ferric chloride is applied in the post-treatment of molasses
wastewater, the initial pH value should be above 7 to guarantee
effective coagulation efficiency. Under the optimum conditions,
i.e., at pH 8 and dosage of 3.5 g/L, ferric salt was able to remove up
to 86% of COD and 96% of color from anaerobically–aerobically
treated molasses wastewater with residual turbidity less than
5 NTU in the finished effluent.

. Final pH is the predominant factor in determining coagulation
performance and the effective pH range is around 4–5 for ferric
chloride. Measurement of ferrous concentration indicates that
removal of melanoidins is mostly via coagulation process. Only
when solution pH tends towards acidic, does redox reaction
become increasingly important.

. HPSEC results indicate that the low MW fraction of melanoidins
preferentially reacts with Fe(III) species. Increase in concentra-
tion of the lowest MW organic group is related to the capacity of
charge neutralization.

. Floc size measurement reveals unimodal floc size distribution for
underdosed and overdosed coagulant but bimodal distribution
at the optimal dosage. The settling rate of flocs formed is largely
determined by aggregates size with larger flocs settling more
rapidly.

. Under the optimum conditions, combined effect of charge neu-
tralization and co-precipitation is the predominant coagulation
mechanism when pH is above neutral using ferric chloride, while
co-precipitation alone plays the predominant role at pH 6.
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