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a b s t r a c t

The procedure of electrocoagulation is an effective, fast and economic technique for treatment of black
liquor resulting from paper industry. The effect of electrolysis time, current density, type of electrode
material and initial pH were studied in an attempt to achieve a higher removal capacity. Under the optimal
ccepted 14 July 2008
vailable online 5 August 2008

eywords:
lack liquor
lectrocoagulation

experimental conditions (initial pH 7, t = 50 min and J = 14 mA cm−2), the treatment of black liquor by
electrocoagulation has led to a removal capacity of 98% of COD, 92% of polyphenols and 99% of color
intensity with a good repeatability (R.S.D. < 3%) making it possible to highlight the industrial interest of
this electrochemical process.

© 2008 Published by Elsevier B.V.
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. Introduction

Black liquor is one of the main by-product of pulp paper indus-
ry, which is considered as pollutant because it contains about 50%
f lignin. In order to manufacture good quality paper, the pulp
nd paper industry discards lignin as an unwanted constituent
f wood and raw materials [1]. Lignin is a mixture of polyphe-
olic compounds with a rather complex chemical structure that
esists to traditional biological treatment processes due to their
on-biodegradable nature. The presence of lignin in the wastewa-
er involves a strong increase in the chemical oxygen demand (COD)
nd biological oxygen demand (BOD). In addition to lignin the black
iquor contains aliphatic acids, acid greases, resins and polysaccha-
ides. This organic matter, mainly dissolved, creates a chemical and
iological oxygen demands some relatively high [2]. The rejection
f this effluent in nature without any treatment is responsible of
erious damage for the environment and constitutes a threat for
uman health [3].

The literature gives a report on many works relating to the treat-
ent of black liquor and more particularly of lignin. Ksibi et al.
1] showed that photocatalytic oxidation in the presence of TiO2
UV/TiO2) can improve the biodegradability of the lignin extracted
rom black liquor. Torrades et al. [4] explored the treatment of an
ffluent of bleaching from paper industry, by means of the oxidizing

∗ Corresponding author at: Département de Chimie et de Biologie Appliquées,
nstitut National des Sciences Appliquées et de Technologie (INSAT), B.P. No. 676,
080 Tunis Cedex, Tunisia. Tel.: +216 1 703627; fax: +216 1 704329.
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ction of the Fenton reagent in the presence of a solar irradiation
V (Fe2+/H2O2/UV). The Fenton’s reagent under solar irradiation
V is proven effective for the treatment of these types of wastew-
ter. Indeed, a clear reduction of total organic carbon (TOC) was
btained after treatment. Several other methods were developed
o the treatment of the wastewater paper industries. Wallberg et
l. [5–7] applied the technique of ultra-filtration for the recovery
f lignin starting from black liquor resulting from a Kraft process.
hey showed that this method makes it possible to retain 30–40%
f lignin and 10% of total dry matter under the optimum condi-
ions such as temperature, flow rate and transmembrane pressure.
n addition to the weak rates of retention of lignin, these processes
f treatment are very restricted because the high cost of the mem-
ranes and their maintains. On the other hand, Zhang and Chuang
8] explored the adsorption of organic pollutants from effluents of a
raft pulp mill on activated carbon and polymer resin (polystyrene
ivinylbenzenecopolymer).

Although these methods of treatment seem effective for the
iquid waste processing of paper industry, they present the disad-
antage of being expensive because of their operating cost and/or
he relatively high cost for the chemical reagents used.

It is in this context that we present the technique of elec-
rocoagulation to overcome the disadvantages of conventional
echnologies for the treatment of black liquor from paper indus-
ries.
Electrocoagulation is a simple and efficient method where the
occulating agent is generated in situ by electro-oxidation of a sac-
ificial anode, generally made of iron or aluminum that leads, at
ppropriate pH, to insoluble metal hydroxide able to remove pol-
utants by surface complexation or electrostatic attraction. In this

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:Nizar.Bellakhal@insat.rnu.tn
dx.doi.org/10.1016/j.jhazmat.2008.07.115
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rocess, the treatment is done without adding any chemical coagu-
ant or flocculant, thus reducing the amount of sludge, which must
e disposed [9].

The electrocoagulation has been successfully used to treat oil
astes, with removal efficiencies as high as 99% [10]. A similar suc-

ess was obtained when treating dye containing solutions [11–13],
rban and restaurant wastewater [14], nitrate [15], arsenic [16] and
uoride [17] containing waters. In addition, a great deal of work
erformed in the last decades [18–20] has proved that electrocoag-
lation is an effective technology for the treatment of heavy metal
ontaining solutions.

In this study, electrocoagulation was conducted to investigate
he treatment of black liquor from paper industry. The effect of
perational variables, such as treatment time, current density, type
f electrode material and initial pH, on the removal efficiency is
xplored and discussed to determine the optimum operational con-
itions. The removal efficiency of the treatment was determined by
onitoring the decrease of total phenol, COD and color intensity.

. Experimental details

.1. Reagents and analytical procedures

All used chemicals were of analytical grade. Folin–Ciocalteu
eagent (FCR) (Fluka, U.K.) was used at 1:10 dilution in distilled
ater. Determination of total polyphenols index was carried out
ith the official spectrophotometric procedure [21]. Analysis of

OD was determined by the procedure described in the standard
ethod [22]. The total suspended solids (TSS), was obtained by

entrifugation then drying at 105 ◦C [23]. The chlorides were pro-
ortioned in neutral medium by a silver AgNO3 solution according
o the Mohr method [23]. The color intensity was determined
y measuring the sample absorbance at 450 nm (UV–vis spec-
rophotometer, Beckman, DU 530). A digital calibrated pH-meter
Metrohm, 744) was used to measure the pH of the black liquor
astewater samples.

.2. Characterisation of the black liquor

Black liquor utilised for this study was supplied by pulp and
aper firm located in south Tunisia, collected in a closed container
nd stored in obscurity at 4 ◦C. The main characteristic of this efflu-
nt before treatment is presented in Table 1.

.3. Electrocoagulation procedure

The experimental setup is shown in Fig. 1. The electrocoagulator
as made of Plexiglas cell, with a special cover supporting a series
f parallel aluminum or iron sheets used as sacrificial electrodes.

hree electrodes were connected as anodes and three as cathodes
active surface = 50 cm2), and the spacing between electrodes was
mm. A small hole was drilled into the cover to serve as sampling
ort. All the runs were performed at room temperature and at a
onstant magnetic stirring speed of 200 rpm.

able 1
hysico-chemical characteristic of black liquor from paper industry

arameters Concentration

SS (mg L−1) 1160
OD (mg L−1) 7960
olyphenol (mg L−1) 3220
O (450 nm) 0.39
hloride (mg L−1) 1207
H 12
onductivity (mS cm−1) 42.72
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Fig. 1. The electrocoagulation reactor in the laboratory experiments.

In each run, 300 cm3 of the black liquor solution was placed
nto the electrolytic cell. The electrodes were connected to a DC
ower supply (Metrix, model AX 322) with galvanostatic opera-
ional options for controlling the current density. To follow the
rogress of the treatment, samples were periodically taken from the
eactor then filtered to eliminate sludge formed during electrolysis.

In preliminary tests, the effects of working parameters such as
reatment time, current density, electrode material and initial pH
ere studied in an attempt to achieve a more efficient treatment of
lack liquor. The optimised parameters were then applied for the
reatment of black liquor to validate the treatment efficiency.

. Description of electrocoagulation process

Electrocoagulation is a complex process occurring via elec-
rolytic reactions at electrode surfaces and formation of coagulants
n the aqueous phase. Coagulant species is believed to be the
esponsible in aggregation as well as precipitation of suspended
articles and simultaneously adsorption of dissolved contaminants
11,20].

The most widely used electrode materials in EC process are alu-
inum and iron. In the case of aluminum, main reactions are as

11,13]:

node : Al � Al3+ + 3e− (1)

athode : 3H2O + 3e− � 3
2 H2 + 3OH− (2)

On the other hand, at high pH values, the cathode may be chem-
cally attacked by OH− ions generated during H2 evolution [11]:

Al + 6H2O + 2OH− � 2Al(OH)4
− + 3H2 (3)

Al3+ and OH− ions generated by electrode reactions (1)
nd (2) react to form various monomeric species such as
l(OH)2+, Al(OH)2

+, Al2(OH)2
4+, Al(OH)4

−, and polymeric species
uch as Al6(OH)15

3+, Al7(OH)17
4+, Al8(OH)20

4+, Al13O4(OH)24
7+,

l13(OH)34
5+, which finally transform into Al(OH)3(s) according to

omplex precipitation kinetics [13,24,25].

l3+ + 3H2O � Al(OH)3(s) + 3H+ (4)

Freshly formed amorphous Al(OH)3(s) “sweep flocks” have large
urface areas, which are beneficial for a rapid adsorption of solu-
le organic compounds and trapping of colloidal particles. Finally,
hese flocks are removed easily from aqueous medium by sedimen-

ation or H2 flotation [11,24].

When iron is used as anodes, upon oxidation in an electrolytic
ystem, it produces iron hydroxide, Fe(OH)n where n = 2 or 3. Two
echanisms for the production of the metal hydroxide have been

roposed [13]:
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Mechanism 1:

Anode : 4Fe � 4Fe2+ + 8e− (5)

Anode : 4Fe2+ + 10H2O + O2 � 4Fe(OH)3 + 8H+ (6)

Cathode : 8H+ + 8e− � 4H2 (7)

Overall : 4Fe(s) + 10H2O + O2 � 4Fe(OH)3(s) + 4H2 (8)

Mechanism 2:

Anode : Fe � Fe2+ + 2e− (9)

Anode : Fe2+ + 2OH− � Fe(OH)2 (10)

Cathode : 2H2O + 2e− � H2 + 2OH− (11)

Overall : Fe + 2H2O � Fe(OH)2(s) + H2 (12)

Similarly, ferric ions generated by electrochemical oxidation of
ron electrode may form monomeric ions, and polymeric hydroxy
omplexes, namely: Fe(H2O)6

3+, Fe(H2O)5(OH)2+, Fe(H2O)4(OH)2
+,

e2(H2O)8(OH)2
4+ and Fe2(H2O)6(OH)4

4+ depending on the pH of
he aqueous medium [2,24,25].

The gases evolved at the electrodes may impinge on and cause
otation of the coagulated materials. The EC process is intrinsi-
ally associated with electroflotation since bubbles of hydrogen
nd oxygen are produced at the cathode and anode, respectively.
he success of an EC process and for that matter EF process is
etermined by the size of the bubbles as well as by the proper
ixing of the bubbles with wastewater. It is generally believed

hat the smaller bubbles provide more surface area for attachment
f the particles in aqueous stream, resulting in better separation
fficiency of the EF process [11,24].

. Results and discussion

The electrocoagulation process is quite complex and may be
ffected by several operating parameters, such as treatment time,
urrent density, electrode material and initial pH. In order to
nhance the process performance, the effects of those parameters
ave been investigated.

.1. Repeatability tests

To estimate the relative standard deviation [26], during the
reatment of black liquor by electrocoagulation, a series of four
xperiments was carried out with aluminum electrodes under the

−2
ame experimental conditions (J = 10 mA cm , t = 30 min, initial pH
2).

From the results presented in Table 2, we can conclude that elec-
rocoagulation makes it possible to carry out an electrochemical
reatment of the black liquor with a good repeatability (R.S.D. < 3%).

able 2
esults of repeatability tests

COD removal (%) Polyphenols removal (%) Color removal (%)

est 1 34.9 44.4 18.2
est 2 36.1 45.7 18.0
est 3 33.9 45.8 18.4
est 4 35.1 46.3 19.0

¯ 35.0 45.5 18.4
2
r 0.8 0.7 0.2
.S.D. (%) 2.5 1.8 2.2

.S.D. = (Sr/x̄) × 100 : relative standard deviation. Sr(x) =∑ni

i=1
(xi − x̄)2/n − 1 : standard deviation of repeatability. x̄ =

∑ni

i=1
xi/n :

rithmetic mean. n = 4: number of measurements carried out.
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ig. 2. Effect of the treatment time on the residual fraction of COD (J = 10 mA cm−2,
nitial pH 12, V = 300 cm3).

he variation with the average being weak, it is considered in the
oints represented on the curves.

.2. Chemical oxygen demand reduction

The black liquor samples were treated in the electrocoagulation
lass cell at fixed current density J = 10 mA cm−2.

In this section, the elimination of organic compound is deter-
ined by monitoring the decrease of COD. Fig. 2 shows that the

OD decreased with increasing treatment time. For example, after
0 min of treatment, 50% of the initial chemical oxygen demand
7960 mg L−1) is reduced, so that it reaches 66% after 90 min. This
ecrease of COD with increasing electrolysis time caused by the
dsorption of organic matter on the Al(OH)3 flocks formed in situ.
n addition, when anode potential is sufficiently high, secondary
eactions may occur also, such as direct oxidation of organic com-
ounds and of Cl− ions present in paper mill effluents [10,11]. The
hlorine produced is a strong oxidant that can oxidize same organic
ompounds and promote electrode reactions.

Cl− � Cl2 + 2e− (13)

l2 + H2O � HClO + H+ + Cl− (14)

ClO � ClO− + H+ (15)

his result shows that the electrocoagulation technique can be suc-
essfully used for the treatment of paper industry effluent.

.3. Effect of electrode material

Electrode assembly is the heart of the present treatment facility.
herefore, the appropriate selection of its materials is very impor-
ant. The most common electrode materials for electrocoagulation
re aluminum and iron [2,10,25]. They are cheap, readily available,
nd proven effective. Thus both were tested in this study under sim-
lar experimental conditions. Result obtained for COD, polyphenol
nd color removal for these two kinds of electrodes using the same
urrent density (J = 10 mA cm−2) are shown in Fig. 3.

As can be seen from Fig. 3(a) and (b) that both materials showed
imilar efficacity in reducing COD and polyphenol index. Neverthe-
ess, with increasing time, rates of COD and polyphenols removal,

btained with Al electrode, were slightly higher than these with
e electrode. In addition, aluminum is more effective in removing
he color of black liquor than iron (Fig. 3(c)). The resulting effluent
reated with aluminum electrodes was found very clear and stable,
hereas that treated with iron electrodes appeared greenish first,



998 M. Zaied, N. Bellakhal / Journal of Hazardous Materials 163 (2009) 995–1000

Fig. 3. Effect of electrode material on the removal efficiency of COD (a), polyphe-
n
V
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w
electrolysis time (min), C0 the initial concentrations (g L ), Ct the
concentration value of compounds (g L−1) at time t and 0.3 is the
volume of black liquor (L).

Fig. 6 shows that, for both electrodes, the amount consumption
per cubic meter of black liquor treated increase with increasing
ols (b) and color intensity (c), as a function of time (initial pH 12, J = 10 mA cm−2,
= 300 cm3).

nd then turned yellow and turbid. The green and yellow colors
ould be resulted from Fe(II) and Fe(III) species generated during
he electrolysis and characterised by their yellow-brown color [10].
nother possible explanation is the occurrence of complexing reac-

ion between Fe3+, Fe2+ and polyphenol molecules leading to brown
oluble compounds [10,25].

In order to check the initial pH effect on the behaviour of each
aterial, the same comparative study was carried out in slightly

cid medium (pH 5). The results of this comparison with the same
urrent density (J = 10 mA cm−2) and operating time of 60 min are
resented in Fig. 4. These results show that in two different pH
edia (alkaline and slightly acidic); aluminum is more effective
or treatment of black liquor.
On the other hand, the cost of the process depends mainly of the

onsumption of the sacrificial electrode and the electrical energy,
hich economically are the advantages of this method.

F
o

ig. 4. Effect of electrode material on the treatment efficiency of polyphenols, COD,
nd color intensity (initial pH 5, t = 60 min, J = 10 mA cm−2, V = 300 cm3).

As seen from Fig. 5, it is clear that aluminum electrodes are more
nergetically efficient than iron. The energy consumed to remove
kg of each compound (COD and polyphenols) during the electro-
oagulation was calculated with the following equation [25]:

E (kWh/kg of compound) = VIt

60 × 0.3 × (C0 − Ct)
(16)

here V is the applied voltage (V), I the current amount (A), t the
−1
ig. 5. Energy consumption on COD (a) and polyphenols (b) removal as a function
f time (J = 10 mA cm−2, initial pH 12, V = 300 cm3).
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ig. 6. Electrode consumption as a function of current density (t = 60 min, initial pH
2, V = 300 cm3).

urrent density. However, this economically important process
arameter is higher for the iron than the aluminum electrode.

Thus, it is obvious that aluminum is a better electrode material
han iron for the present application. Consequently, all subsequent
xperiments were carried out with aluminum electrodes.

.4. Effect of initial pH

It has been established that the influent pH is an important
perating factor influencing the performance of electrocoagulation
rocess [2,10,14]. To examine its effect on the treatment of black

iquor, the pH was varied in the range 2–12 using low volume of
ulphuric acid 10−2 M.

Fig. 7 illustrates the removal efficiencies of COD and a change
n the pH of the black liquor after electrocoagulation, as a func-
ion of the influent pH. All controlled parameters showed similar
ehaviour as expected, the treatment efficiency was very poor
ither at low (<2) or high pH (>8). This behaviour was observed by
any investigators and was attributed to an amphoteric behaviour
f Al(OH)3 that does not precipitate at pH less than 2 [10,17]. In addi-
ion, it was demonstrated that high pH values will increase Al(OH)3
olubility and lead to the formation of soluble Al(OH)4

−, which is
seless for water treatment [18,27].

ig. 7. The removal efficiency of COD and the pH change of black liquor after elec-
rocoagulation as a function of initial pH (J = 10 mA cm−2, t = 60 min, V = 300 cm3).
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When initial pH was adjusted in the range 4–8, all alu-
inum cations produced at the anode formed polymeric species
l13O4(OH)24

7+ [18,27] and precipitated Al(OH)3 leading to a more
ffective treatment and high removal capacities of COD (70%). The
ighest removal efficiencies have been obtained in acidic medium,
t pH values in the range 5–7.

As observed by other investigators [10,11,14], a final pH increase
ccurs when the influent pH is low. However, it is also found that
hen the influent pH is above 9, a pH drop occurs. In other words,

he electrocoagulation can act as pH neutralization. This newly
ound characteristic of the electrocoagulation is quite meaningful
n its application to wastewater treatment. The pH increase is due to
ydrogen evolution at cathodes [10]. However, this was contested
y Chen et al. [14] who explained this increase by the release of CO2
rom wastewater owing to H2 bubble disturbance. Indeed, at low
H, CO2 is over saturated in wastewater and can release during H2
volution, causing a pH increase. In alkaline medium (pH > 8), the
nal pH does not vary very much and a slight drop was recorded.
his result is in accord with previously published works [11,14] and
uggests that electrocoagulation can act as pH buffer and is particu-
arly interesting, since the black liquor is a strongly alkaline effluent
initial pH 12). In addition, when the optimum initial pH required
o achieve high removal yield was adjusted to 5–7, the final pH after
lectrocoagulation treatment reached 6.6–7.6 allowing the effluent
o be directly discharged into natural aquatic streams without pH
djustment.

.5. Effect of current density and charge loading

Many study reported that current density can influence the
reatment efficiency of the electrochemical process [10,14]. Fig. 8
hows COD removal upon electrolysis time, when current density
as varied from 1.7 to 16.7 mA cm−2. As expected, it appears that

or a given time, the removal efficiency increased significantly with
ncrease of current density. The highest current (16.7 mA cm−2) pro-
uced the quickest treatment with 80% COD reduction occurring
fter only 30 min. This is ascribed to the fact that at high current,
he amount of aluminum oxidized increased, resulting in a greater
mount of precipitate for the removal of pollutants. It is well known
hat current not only determines the coagulant dosage rate but also
he bubble production rate, size and the flocks growth [18], which

an influence the treatment efficiency of the electrocoagulation. In
ddition, it was demonstrated that bubbles density increases and
heir size decreases with increasing current density [27,28], result-
ng in a greater upwards flux and a faster removal of pollutants and
ludge flotation.

ig. 8. Effect of current density on the COD removal (initial pH 7, V = 300 cm3).
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Table 3
Effect of current density on the COD removal at a fixed charge loading Q = 1500 C

J (mA cm−2) t (s) COD removal (%)

16.7 600 65.2
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de référence, 1999.
13.3 750 64.5
10 1000 66.3
6.7 1500 65.0
3.3 3000 66.6

The results presented in Table 3 show that the current density
ad no significant effect on the COD removal in the large range

rom 3.3 to 16.7 mA cm−2 at a fixed charge loading (Q = It) of 1500 C.
evertheless, as the current decreased, the time needed to achieve

imilar efficiencies increased. This indicates that it is not the cur-
ent density but the charge loading that really affects the treatment
fficiency [10,15].

Indeed, the amounts of aluminum and hydroxide ions generated
t a given time, within the electrocoagulation cell are related to the
urrent flow, using Faraday’s law:

= ItM

zF
(17)

here I is the current intensity, t is the time, M is the molecular
eight of aluminum or hydroxide ion (g mol−1), Z is the number

f electrons transferred in the reaction (3 for aluminum and 1 for
ydroxide) and F is the Faraday’s constant (96486 C mol−1).

However, these parameters should be kept at low level to
chieve a low-cost treatment. For that a compromise of the current
ensity and electrolysis time is necessary to optimise the treatment
fficiency with the lowest cost.

Two comparative tests were carried out at J = 16 and 14 mA cm−2

hown that the optimum value of current density, allowing fast
emoval (50 min) of pollutants with low electrode consumption,
as found to be 14 mA cm−2.

. Conclusion

The present study has shown the applicability of electrocoagu-
ation method in the treatment of black liquor from paper industry.
he influence of variables such as electrolysis time, current den-
ity, type of electrode material and initial pH on the removal of
olyphenols, COD and color intensity has been determined.

Aluminum electrodes are preferred for this application. Under
ptimal value of process parameters (initial pH 7, t = 50 min and
= 14 mA cm−2), COD and polyphenol removal reached 98% and 92%,
espectively. In addition, high color removal (>99%) was obtained
nd the effluent became visually very clear following electrocoag-
lation treatment. The final pH of treated black liquor was nearly
eutral, which allows it to be directly discharged in natural aquatic
treams.

Consequently, electrocoagulation can be considered as a suit-
ble alternative to existing methods or applied as pre-treatment
tep of biological process used for the treatment of black liquor.
cknowledgements
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from paper mill effluents by electrocoagulation, J. Environ. Manage. 87 (2008)
420–428.

26] Norme XP T 90-210, Qualité de l’eau: Protocole d’évaluation d’une méthode
alternative d’analyse physicochimique quantitative par rapport à une méthode
27] P.H. Holt, G.W. Barton, M. Wark, A.A. Mitchell, A quantitative comparison
between chemical dosing and electrocoagulation, Colloids Surf. A: Physic-
ochem. Eng. Aspects 211 (2002) 233–248.

28] N.K. Khosla, S. Venkachalam, P. Sonrasundaram, Pulsed electrogeneration of
bubbles for electroflotation, J. Appl. Electrochem. 21 (1991) 986–990.


	Electrocoagulation treatment of black liquor from paper industry
	Introduction
	Experimental details
	Reagents and analytical procedures
	Characterisation of the black liquor
	Electrocoagulation procedure

	Description of electrocoagulation process
	Results and discussion
	Repeatability tests
	Chemical oxygen demand reduction
	Effect of electrode material
	Effect of initial pH
	Effect of current density and charge loading

	Conclusion
	Acknowledgements
	References


