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Abstract

A two-phase experimental plan was designed in order to investigate a new technique to remove color from pulp mill effluents via chemical and
biological reactions in series. In the first phase, the chemical characterization of chromophores using the spectra of infrared (IR), ultraviolet (UV)
and nuclear magnetic resonance (NMR) analyses was carried out. The results of chemical analyses indicated that the color-causing materials are
mainly unsaturated compounds, possibly conjugated double bonds on aromatic rings. Therefore, a reducing agent, sodium borohydride (NaBH,)
was chosen in order to change the structure of chromophores via hydrogenation reaction at ambient temperature and pressure as a means of color
removal from the wastewater streams. The bench scale results of the first phase of this research demonstrated that the NaBH, reduction is a viable
method for color elimination with no sludge produced. The batch kinetic study of NaBH, pretreatment indicated that 97% color decrease in 24 h
followed first-order kinetics with respect to sodium borohydride consumption and the reaction rate constant was evaluated at 0.6 h—'. Subsequently
in the second phase of the experiments, the pilot plant of an innovative chemical and biological reactor system was investigated. The plant consisted
of two 20-1 reactors operating in the batch mode for the overall residence time of 6 days. In the first reactor, chemical hydrogenation with NaBHy
was performed for 1 day and resulted in a color and COD reduction by 97% and 35%, respectively, and increased BOD up to 85%. No significant
change in TSS was observed. The chemically treated effluent was then subjected to a biological oxidation reaction in the second reactor for further
treatment with a residence time of 5 days. The results indicated significant decrease in BOD (99%), COD (92%), and TSS (97%). Consequently,
a combined chemical and biological reaction system appears to effectively decrease the color as well as BOD, COD and TSS, in contrast to the
conventional techniques such as aerated lagoon and activated sludge systems in which color reduction is not observed. The economics of the pilot
scale implementation of a NaBH, color reduction treatment process for 97% color removal was estimated to be in the range of 0.001 US dollar per
liter of the most highly colored wastewater sample.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Wood is the major raw material in pulp industry. Lignin,
which is essentially an aromatic polymer, gives the wood struc-
tural strength, and therefore it must be removed from the cellu-
lose fibers in order to produce a high quality paper. The Kraft
process is presently the dominating pulping process because it
accepts without any difficulty hardwood as well as softwood
of any grade and species. Kraft pulping is performed with a
solution composed of sodium hydroxide and sodium sulfite,
named white or cooking liquor. As much as 90% of the lignin is
removed from the cellulose fibers and at this cooking stage 15%

* Corresponding author. Fax: +98 311 3912677.
E-mail address: Ghoreshi @cc.iut.ac.ir (S.M. Ghoreishi).

1385-8947/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2006.09.022

of the total effluent is produced. Lignin in wood is light yellow
or cream-colored, but because of its reactivity and tendency to
form chromophoric configurations, it has been pinpointed as the
major cause of color in the pulp. In fact, a significant part of the
pulp processes deals with the color reactions of lignin and the
removal of lignin chromophores.

Lignin reactions with the chemical species of the cooking
liquor has been recognized as the major source of the color in the
pulp mill wastewater. In order to understand the complexity of
the chromophoric structure, it is imperative to realize that lignin
is an aromatic polymer, which is formed in wood by an enzyme-
initiated dehydrogenative polymerization of a mixture of three
different 4-hydroxyarylpropenyl alcohols (the upper portion of
Fig. 1 [1]). Adler [1] has suggested a prominent structure of
lignin as shown in lower portion of Fig. 1; it contains only 16
monomeric units and does not show all of the known structural
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Fig. 1. Lignin precursors and prominent structures in softwood lignin.

details. It does show, however, that lignin is a branched molecule
in which different types of bonds link the phenylpropane-based
units. These include ether bonds of alkyl-aryl, alkyl-alkyl, and
aryl-aryl configuration.

Dark color in discharged pulp mill effluents is regarded as a
water pollution problem. Especially in cases where the receiving
stream has a low or varying flow, discharges of highly colored
wastewater can diminish the quality of the receiving stream. The
yellowish-brown color of Kraft pulp has been the subject of some
early investigations. In Ref. [2], Falkenhag et al. evaluated poten-
tial chromophoric systems in Kraft lignin. They suggested that
the exact nature of the color-causing structures of Kraft lignin
is uncertain, but the following chromophores may contribute to
the color: (1) CH=CH and carbonyl groups conjugated with the
aromatic rings, (2) quinone structures, (3) free radicals and (4)
metal/organic complexes. They have also pointed out that the
two latter structures are likely to contribute to the color of Kraft
lignin only to a minor extent. In Ref. [3], Sjostrom reported
some chromophoric structures that confirmed Falkenhag’s pro-

posed chromophores to some extent. He confirmed that the color
of unbleached pulp is caused by certain unsaturated structures
such as a CH=CH and carbonyl groups conjugated with aro-
matic rings. A literature review indicates that aerated lagoon is
still commonly used to treat the pulp mill effluents. Even though
a considerable reduction in BOD, COD, and TSS occurs, no
effect on color is observed because color-causing materials are
not biodegradable [4—10]. Therefore, it is necessary to find an
additional treatment technique to solve the color problem.

Pulp and paper wastewater treatment systems have been the
subject of many current research projects [11-35] in which dif-
ferent techniques including physical, chemical and biological
methods have been applied with variety of shotcomings. Sierra-
Alvarez and Lettinga [36] studied the methanogenic toxicity
effects of lignin and lignin-related compounds in which low-
molecular-weight lignin derivatives in pulp industry wastewater
were identified as potential inhibitors of anaerobic treatment.
Bryant and Sierka [37] investigated the use of an anaero-
bic/aerobic biotreatment sequence that resulted in a slight reduc-
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tion of color. Springer and Hand [38] considered the use of
photochemical and electrochemical precipitation techniques to
decolor bleached Kraft mill effluent. Their results showed that
the electrochemical technique is more promising than the pho-
tocatalytic approach. Traver [39] studied the removal of color
from Kraft mill wastewater using an advanced hydrogen perox-
ide based technology, which did not cause a significant color
reduction. Ferrey and Albouy [40] used free and immobilized
lignin peroxidases and horseradish peroxidase to remove color
from Kraft effluent. Lignin peroxidases were shown to have con-
siderable potential for treating Kraft effluent. A screening study
of lignin-degrading fungi for the removal of color from Kraft
mill effluent was performed by Esposito and Dahlin [41]. They
found the lentinus edodes strain is able to remove 73% of the
color in 5 days without additional carbon sources. Osterberg
and Wood [42] studied oxidative treatment of bleached Kraft
mill effluent, which approximately reduces the color by 50%.
The COD elimination by conventional biological treatment is
limited even when the process is optimized [43]. Upgrading the
biological treatment through multistep processes [44], using sus-
pended or fixed biofilm growth surfaces [45] or by addition of
powdered activated carbon [46] or lignite coke [47] often fails
to meet the official requirements. Several researchers [48,49]
have investigated the thermo-alkaline treatment method. This
method has the advantage of being extremely simple, but the
disadvantage is that no COD is removed. A bleachery effluent
from pulp process was treated with oxygen and hydrogen perox-
ide and then with fungi, T. veriscolor, which did not cause any
degradation of effluent lignin but increased the amount of chro-
mophores [50]. A two-stage process that combined anaerobic
treatment with chemical coagulation, in contrast to anaerobic
treatment alone, produced a colorless and odorless effluent [51].
But the disposal problem remained as the major disadvantage of
this technique. A two-stage sequential biological treatment, viz.,
the fungal process and a submerged downflow anaerobic reac-
tor, was examined [52]. The treatment resulted in a 65% color
reduction in 2 days. Effluent from a Kraft pulp mill process was
studied by Mohammed and Smith [53] in a batch reactor using
ozone doses. It was concluded that ozone is most effective for
the removal of color (62%), however, increased BOD.
Boardman et al. [54] studied color reduction of Kraft pulp
and paper wastewater by means of foam separation utilizing a
cationic surfactant. The results indicated that as much as 90%
color could be removed. Amero et al. [55] conducted a pilot
trial that evaluated the performance of a new ozone oxidation
process for the destruction of color in pulp and paper mill efflu-
ents. Ozone concentration of the feed was identified as a key
variable affecting ozone decolorization efficiency. Color reduc-
tions of 79% and 71% were achieved in softwood and hardwood
effluents. Springer et al. [56] used a bench-scale electrochem-
ical cell in a study that investigated the technical feasibility
of electrochemical treatment as a method of removing color
from Kraft effluent. Electrochemical treatment reduced effluent
color by up to 90%. Haberl et al. [57] examined precipita-
tion/flocculation, ozone oxidation and high-energy radiation as
pretreatment processes for Kraft wastewater. The performance
of biological treatment subsequent to these processes was doc-

umented. A combination of lime precipitation and biological
treatment produced 70—-85% removal of color. Boyden et al. [58]
investigated the treatment of bleachery effluents from Kraft mills
in which the inability to reduce color significantly via biological
oxidation was concluded.

In general, several methods have been attempted for the
removal of color from the pulp and paper mill effluents. These
can be classified into physical, chemical and biological meth-
ods. Physical and chemical processes are quite expensive and
remove high molecular weight chlorinated lignins, color, toxi-
cants, suspended solids and chemical oxygen demand. But BOD
and low molecular weight compound are not removed efficiently
[59]. The advanced biological color removal process is particu-
larly attractive since in addition to color and COD it also reduces
BOD and low molecular weight chlorolignins [60,61]. Singh and
Thakur [62] studied the sequential anaerobic and aerobic treat-
ment in two steps bioreactor for removal of color in the pulp and
paper mill effluent. Seventy percent color reduction was reported
using anaerobic treatment in 15 days and subsequently the anaer-
obically treated effluent was separately applied in bioreactor in
presence of fungal strain, Paecilomyces sp., and bacterial strain,
Microbrevis luteum. Further color reduction resulted but change
in pH of the effluent, increase in biomass of microorganisms,
and long residence time in the two steps bioreactor were the
shortcomings of this technique.

The main goal of this research was to find a viable treatment
method to remove the color of Kraft wastewater streams. Thus
a two-stage experiments were planned. In the first stage, char-
acterization of the chemical structure of the chromophores was
carried out. Using the information obtained from the chemical
characterization analysis, a feasible advanced treatment method
to reduce the color in situ without any disposal problem as well
as BOD, COD and TSS was designed in the second stage. The
innovative treatment is composed of reduction reaction in con-
junction with biological oxidation.

2. Materials and methods

The wastewater used in this study was collected from the
Chuka pulp and paper Kraft mill plant in northern Iran, which
discharges its total effluent into the Caspian Sea. Two different
kind of wastewaters, namely, untreated and biologically treated
(aerated lagoon) samples were obtained from the Chuka plant
for this study. The characterization task was carried out by IR,
NMR and UV spectrometers.

For IR analysis, chromophoric materials were separated from
wastewater through complete water evaporation. The potassium
bromide (KBr, Fisher Scientific IR grade) was oven-dried to
complete dryness and was then stored in a desiccator until use.
The chromophore-KBR mixture was prepared by accurately
weighing the KBr and chromophore. Dry KBr powder (380 mg)
and 20 mg chromophore were weighed to obtain a total mix-
ture of 400 mg. All amounts were adjusted to within 0.2 mg of
the desired weight and weighed to a precision of 0.1 mg. The
mixture was quantitatively transferred to a mortar and ground
with a pestle for 20-30 min to obtain a homogenous mixture.
The amount of chromophore-KBr mixture needed for one pel-
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let (400 mg) was placed between two highly polished, stainless
steel dies inside a pellet press, where it was compressed at
25,000 psi for 1 min to make a small pellet approximately 0.5 in.
in diameter. Prepared pellets were stored in a desiccator to pre-
vent the KBr from absorbing moisture. A pellet of the same
mass using pure KBr was similarly prepared for obtaining back-
ground comparisons. Analyses were made for both the blank and
chromophore-KBr pellets using a Shimadzu-435 model spec-
trometer. Prior to analysis, the instrument sample compartment
was purged with nitrogen for at least 20 min.

For NMR analysis, first chromophoric materials were oven-
dried to complete dryness at 100°C and then dissolved in
D,0O-DMSODg¢ (duterium oxide-dimethylsulfoxide) solvent.
The NMR spectra were obtained using H' NMR Varian-EN390
(90MHz). In order to obtain UV spectra, first color-causing
organic compounds were dissolved in water and then the pre-
pared solution was analysed by an UV-Shimadzu-240 model
analyser.

The biochemical oxygen demand (BOD), chemical oxygen
demand (COD) and total suspended solids (TSS) were deter-
mined according to the American Public Health Association
Standard Methods for Water and Wastewater Examination [63]
methods no. 5210-B, 5220-D, and 2540-D, respectively. Glass
fiber filter paper (Whatman 934-AH) was used for TSS mea-
surement. US-EPA approved method no. 110.1 (colorimetric),
which is the only applicable technique for the highly colored
industrial wastewater, was used to measure the color. To obtain
data reproducibility and accuracy, all experiments were tripli-
cated with 95% precision.

The bench scale treatment system of color reduction was
carried out in a 1-1 continuous stirred batch reactor (CSBR).
The operating conditions of CSBR were at ambient temperature
(20-25 °C) and pressure (1 atm). Sodium borohydride (NaBHy,
Aldrich catalog no. 19807-2) was used as the reducing agent.
For the color reduction study, the homogenous raw wastewater
was transferred into five 1-1 CSBR and, subsequently, differ-
ent amounts of accurately weighed NaBH4 (0.1, 0.2, 0.3, 0.4,
0.5 g) were added into the five reactors. One of the CSBR’s was
used for a kinetics study of chromophore reduction. The 10 ml
treated samples were collected periodically during 24 h follow-
ing the start of the reduction reaction. The true color of collected
samples was measured after pH adjustment to 7.8 using sodium
hydroxide (NaOH, Aldrich catalog n0.31951-1) and hydrochlo-
ric acid (HCl, Aldrich catalog no. 33925-3).

The new combined chemical—biological treatment system in
pilot scale was carried out in two 20-1 continuous stirred batch
reactor (CSBR) at ambient temperature and pressure. In order to
carry out the chemical reaction in the first reactor, 20-1 of homo-
geneous raw wastewater was transferred into the first CSBR and
then 4.0 g of NaBH4 were added and the reaction was completed
after 24 h. Subsequently, 20-1 of chemically treated wastewater
were subjected to biological treatment for a period of 5 days
in the second CSBR. Also to evaluate the effectiveness of the
chemical-biological technique, the two conventional treatment
systems of aerated lagoon and activated sludge were simulated
in two different CSBR for the duration of 15 and 5 days, respec-
tively. All operating conditions for each of the reactors, where

applicable, such as pH, mixing, food/microorganisms, amount
of reducing agent, solid retention time, hydraulic retention time,
were monitored throughout the experiments.

Moreover, in order to analyse the efficiency of color removal
technique utilizing sodium borohydride and its comparison
with hydrogenation reaction using pure hydrogen, a stainless
steel reactor at elevated temperature (25-275 °C) and pressure
(200-1400 psig) was used to change the structure of color caus-
ing compounds.

3. Results and discussion

The results obtained in this research are classified into two
main sections: (A) chemical characterization of lignin chro-
mophores and batch kinetics study of color reduction and (B)
anew combined chemical-biological treatment system for pulp
mill wastewater at pilot plant scale. Based on the information
derived from the experimental results of section (A), a bench
scale color reduction technique and subsequently a new treat-
ment method for pulp effluent at pilot scale was achieved.

3.1. Chemical characterization of lignin chromophores

The analyses to determine the chemical structures of the
chromophores at best, or the chromophoric substitutions and
functional groups at least, included a combination of sev-
eral instrumental methods along with reduction reaction using
sodium borohydride as the reducing agent. The instruments uti-
lized included the IR, UV and NMR. The identification of the
color-causing material in the effluents initially involved three
possibilities: (1) color caused by CH=CH and other groups con-
jugated with aromatic rings, (2) color resulting from the presence
of free radicals and (3) color-causing metal organic complexes.
The eventual treatment to remove the chromophores depends on
which possibility, or combination thereof, is chiefly responsible
for causing color.

The possibility most easily confirmed or denied was no. 1.
If the color was due to unsaturation in the organic molecules, a
vigorous hydrogenation should completely eliminate the color.
When a sample of the colored stream was subjected to a reduc-
tion reaction using NaBHy at an ambient temperature and pres-
sure, the resulting reaction mixture retained no apparent residual
color. This result was anticipated and entirely consistent with
much of the published research. The remainder of this part of
the project concerned itself with identifying the chemical func-
tional groups of the chromophores. This process involved the
utilization of three types of spectra analyses.

3.1.1. Infrared spectroscopy

Infrared spectroscopy analysis of the original and hydro-
genated wastewater samples are shown in Figs. 2 and 3. In
order to find out if biological oxidation has any significant
effect on color, two wastewater samples, before and after aer-
ated lagoons, were obtained and the infrared absorption bands of
the two samples and their intensities were compared in Table 1.
Possible assignments for the absorption bands are also listed
in Table 1. Comparison of IR absorption bands of wastewater
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Fig. 2. IR spectrum of the aerated lagoon effluent.

chromophores, before and after biological treatment, shows that
aeration is not effective in reducing color. IR absorption possi-
ble assignments indicate that the chemical functional groups of
chromophoric configurations are unsaturated compounds such
as phenolic, aromatic, carboxylic acid, acid anhydride, ketone,
alkenyl and meta disubstituted aromatic. Figs. 2 and 3 show the
results of infrared spectroscopic analysis of aerated lagoon efflu-
ent, before and after reduction reaction. The results indicate that
only one absorption band (2900-3600 cm™!) is still present in
the hydrogenated sample and the rest of the functional groups
are eliminated. This broad peak is possibly due to presence of
hydroxyl functional groups such as alcohols. Considering the
fact that the original wastewater sample has 1500 color units
(CU) and subsequent hydrogenation reaction using NaBHy as
the reducing agent deceased the color to 50 CU, it can be con-
cluded that the chromophores are due to unsaturated compounds
possibly conjugated double bonds and carbonyl groups on aro-
matic rings. Furthermore, the comparison of TSS of aerated
lagoon effluent (167 mg/1) and hydrogenated effluent (159 mg/1)
indicates that NaBH4 reduction treatment technique does not
generate any excess TSS.

3.1.2. Nuclear magnetic resonance (NMR)

This section includes structural information, which was
obtained about the make up of the chromophores as a result
of the NMR application. Since this technique is sensitive to the
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Fig. 3. IR spectrum of the aerated lagoon effluent after hydrogenation.

Table 1
IR absorptions assignments of wastewater chromophores before and after bio-
logical treatment

Band number S absorption Intensity S, absorption Intensity
(em™") (em™")

1 3300-3600 S 3200-3700 S
2 2000-3100 W 2900-3100 W
3 2400-2600 M 2400-2500 w
4 1780-1820 M 1750-1800 M
5 1660-1740 M 1650-1730 M
6 1300-1500 W 1350-1500 S
7 900-1050 M 1000-1200 S
8 840-890 H 850-880 M
9 620-700 w 650-700 w

10 None - 580-520 M

Absorption Possible assignments Functional group

band number

1,6,7 Phenol Ar-OH

2 Aromatic Ar-H

(0]
3,5 Carboxylic acid R— ("3 —oH
4 Acid anhydrid: 0 o
] ]
cid anhydride Ar—C_0-C_ar
(o]

5 Ketone Ar— & R

8 Alkenyl R,C=CH,

9,10 Meta disubstituted aromatic R-Ar-R

Abbreviations—S: aerated lagoon influent, S;: aerated lagoon effluent, S:
strong, M: medium, W: weak.

presence of water or more specifically the hydrogen atoms in
water, the dried colored material was redissovled in deuterium
oxide-dimethylsulfoxide. Reduction reaction using NaBHy4 was
also carried out in this medium for the NMR analysis. The result-
ing spectra can be seen in Figs. 4 and 5. The possible assignments
of NMR signals of wastewater chromophores before and after
biological oxidation and hydrogenated samples are presented
in Table 2. Comparison of NMR chemical shifts of wastewa-

Hz
600 500 400 300 200 100 0
T

A 4 1 A 1 1 1

b
100 90 80 70 60 50 40 30 20 1.0 0
J (ppm)

Fig. 4. NMR spectrum of the aerated lagoon effluent.
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Fig. 5. NMR spectrum of the aerated lagoon effluent after hydrogenation.

ter chromophores, before and after biological oxidation, shows
that aerobic treatment has not caused any significant changes in
the functional groups in the two samples. This also confirms the
results obtained by IR method. Moreover in Table 2, the chemical
shifts of hydrogenated and unhydrogenated aerobic treatment
effluent are compared and the results show that benzylic and
phenolic functional groups are removed from the hydrogenated
sample. It is important to realize that the NMR technique, similar
to infrared analysis, indicates that the chromophoric materials
are unsaturated compounds such as ketone, benzylic, phenolic
and aromatics.

Table 2
The possible assignments of NMR signals of wastewaterchromophores before
and after biological treatment and hydrogenated samples

Signal Sy signal, § (ppm) S, signal, § (ppm) S3 signal, & (ppm)
number chemical shifts chemical shifts chemical shifts

1 1.6-2.0 1.7-2.0 1.7-2.0

2 2.0-2.4 1.9-2.2 2.0-2.4

3 2.3-2.7 2.3-2.6 None

4 3.6-39 2.7-3.1 3.0-3.7

5 4.0-4.7 3245 None

6 8.6-9.0 8.0-8.5 8.1-8.4

NMR signal number Possible assignments Functional group

. Allli R.C=C-CHs3
ylic R

2 Ketone Ar-C-R
3 1 q

B 1 "

enzylic Ar — CH3

4 Alcohol OH-CH; R
5 Phenolic Ar—OH
6 Aromatic Ar-H

Abbreviations—S; : aerated lagoon influent, S;: aerated lagoon effluent, S3:
hydrogenated aerated lagoon effluent.
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Fig. 6. UV spectrum of the aerated lagoon effluent.

3.1.3. Ultraviolet spectroscopy

Lignin-derived chromophores not only absorb electro-
magnetic radiation in the infrared regions (wavelengths of
0.8—16 wm) but also in the ultraviolet (200-350nm) and vis-
ible (350-800 nm) areas of the spectrum. The use of ultravi-
olet and visible absorption has been employed extensively in
the study of lignin and lignin-related chemistry. Most success
in terms of actually identifying organic structures has been
the result of using model compounds and comparing finger-
prints for similarity. A comparison was made in this study
also using spectra available from the literature [2,64]. The UV
spectra of the chromophoric material in the wastewater after
aerobic treatment, and the hydrogenated samples are shown
in Figs. 6 and 7. The results indicate a maximum absorbance
in 259-263 nm, which falls within the aromatic band. Sev-
eral multi-substituted aromatic structures can be concluded
at the measured frequency such as para CHOARCI, ArCl
and ortho, meta CHOArOH, CHOArOMe for the unhydro-
genated sample. These substituent groups include the methoxy,
hydroxy, chloro and the C=C groups. Regardless of whether
there is mono-, di-, or tri-substitution, the hydroxy group has
to be included because of observed great aqueous solubility
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Fig. 7. UV spectrum of the aerated lagoon effluent after hydrogenation.

of the colored material. A chemical configuration, which uti-
lizes many of the named substituent groups, which absorbs at
the same UV frequency, is the stilbene structure (cis or trans-
CeH5CH=CHCg¢Hs). The stilbenes have already been shown
to contribute to the chromophoric systems of Kraft lignin [3].
Comparison of Figs. 6 and 7 shows the significant absorbance
reduction in the hydrogenated sample. This result may be con-
tributed to the elimination of unsaturated functional groups due
to the NaBH4 reduction reaction.

3.2. Kinetics study of chromophore reduction

The inability to selectively reduce the carbonyl function of
unsaturated compounds such as ketones, aldehydes, and acids in
the presence of carbon—carbon double bonds, required the use
of certain complex metal hydrides. The common commercially
available salts include lithium aluminum hydride and sodium
borohydride. Lithium aluminum hydride reacts violently with
water and, therefore, reductions with this agent must be carried
out in anhydrous ether. Sodium borohydride reductions, in con-
trast, can be carried out in water. Since the chromophores of Kraft
pulp mill effluents are dissolved in water, NaBH4 seems to be
the proper reducing agent for this study. Moreover, the Sodium

H
R ﬂ H P e =
\sz?): \E< Nat —» R— IAQ:BHSNW
. 7
R 5+ 6~ H H R
(R,CHO),B” Na++3H,0 —» 4RC‘HR + NaH,BO,
OH

Fig. 8. The reduction mechanism of unsaturated compound by sodium borohy-
dride.

borohydride reaction can be conducted at an ambient tempera-
ture and pressure in contrast to hydrogenation reaction with pure
hydrogen. Therefore, the metal hydride reduction using NaBH4
is a feasible technique for color removal.

The reduction mechanism of the chromophores by sodium
borohydride is shown in Fig. 8. The key step in the mechanism
for the reduction of unsaturated compounds present in the Kraft
effluent, such as ketone, by NaBHy is the transfer of a hydride
ion from the metal to the carbonyl carbon. In this transfer the
hydride ion acts as a nucleophile. Since compounds of trivalent-
boron are Lewis acids, they react as electrophiles at the carbonyl
oxygen and facilitate the hydride transfer. A series of hydrogen
ion transfer to the unsaturated carbonyl carbon results in the
formation of a boron complex which, subsequently decomposes
to generate some low-molecular weight biodegradable products
such as the secondary alcohols and inorganic salts.

To determine the reaction rate of NaBHy reduction, 0.2 g of
sodium borohydride was added to the 1-1 wastewater CSBR.
Periodically, a 10 ml sample was collected and after pH adjust-
ment to 7.8, the true color was measured. The color reduction
versus time data was obtained and different reaction orders were
investigated. The test for the first-order reaction in terms of
NaBH,4 consumption is shown in Fig. 9. Since the experimen-
tal data fall on a reasonably straight line with R> value of 0.98
for the least squares, it can be concluded that the rate of color
removal follows the first-order with respect to sodium borohy-

1.6
1.4 4
1.2 4
1.0 1

0.8

InC./C

0.6 1

0.4 1

0.2 1

0.0 T

30 45 60 75 90 105 120 135 150 165
Time (min)

Fig. 9. Kinetics study of color reduction for first-order reaction.
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Fig. 10. Effect of aerated lagoon and activated sludge on BOD of Kraft mill
effluent.

dride concentration. Applying the linear least square technique,
the reaction rate constant (k) was evaluated as the slope of the
obtained straight line to be 0.6h™!.

3.3. Conventional and proposed new treatment system for
pulp mill wastewater

In this section the results obtained from the experimental
simulation of two conventional and a new treatment system for
pulp wastewater is presented.

3.3.1. Aerated lagoon and activated sludge

The two widely used treatments in pulp industry were car-
ried out in two different reactors for the purpose of evaluating
their color removal effectiveness. The obtained results on BOD,
COD, and color are shown in Figs. 10-12. Both methods reduced
the BOD substantially and a moderate decrease in COD was
observed; however, there was no change in color. This shows
that the color-causing materials are mostly non-biodegradable.
This shortcoming of the two conventional treatment techniques
is mainly due to the complex nature of the chromophoric molec-
ular structure, which makes the biodegradation ineffective for
color removal in contrast to the BOD reduction.
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Fig. 11. Effect of aerated lagoon and activated sludge on COD of Kraft mill
effluent.
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Fig. 12. Effect of aerated lagoon and activated sludge on color of Kraft mill
effluent.

All operating conditions for both treatment systems, such as
pH, temperature, mixing, and food/microorganism, were main-
tained constant, except the solid residence time (SRT) and aer-
ation technique. The mechanical surface aeration and 15 days
SRT were used for lagoon in contrast to the subsurface diffusion
aeration and a SRT of 5 days in the activated sludge system. A
more efficient aeration method for activated sludge process obvi-
ously increased the rate of oxidation reaction and subsequently
decreased the required SRT. Also the original total suspended
solids (TSS) of 167 mg/l was reduced by aerated lagoon and acti-
vated sludge systems up to 46% and 82%, respectively. In order
to provide an optimum operating condition for living bacteria,
the pH was adjusted to about 7.0.

3.3.2. New combined chemical-activated sludge treatment
system

The results obtained from the chemical analyses of Kraft pulp
mill wastewater indicated that the color-causing materials are
mainly some unsaturated organic compounds. Since the results
of the aerated lagoon and the activated sludge experimental study
indicated that these materials are naturally non-biodegradable,
therefore changes in the chemical structure of chromophores via
NaBH4 reduction and hydrogenation reaction with pure hydro-
gen were investigated as an alternative technique to remove color
without producing any sludge.

The chemical reduction reaction with NaBHy4 and hydrogena-
tion reaction using pure hydrogen were carried out in two differ-
ent reactors. The results of color elimination by both methods
are shown in Table 3. The operating conditions of hydrogenation
with pure hydrogen at pressure of 200 psig and room tempera-
ture reduced the color by 58%. To obtain a higher color removal,
the selection of 500 psig and 136 °C resulted in 69% color dis-
appearance. Finally, it was found that for almost complete color
elimination (99%) a pressure of 1400 psig and temperature of
275 °C was required. The same level of color reduction (97%)
was also obtained using NaBH, at ambient temperature and pres-
sure. A comparison of the required operating conditions for the
two chemical treatment techniques indicated that NaBHy4 reduc-
tion method is economically and technically more feasible and
cost effective.
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A: BOD = 105 mg/]; Color= 1500 CU; COD=1231 mg/l; TSS=167 mg/l; PH=7.1
B: BOD = 690 mg/l; Color= 50 CU; COD=800 mg/l; TSS~159 mg/l; PH=9.5

C: BOD = 2 mg/l; Color= 39 CU; COD= 62 mg/]; TSS=5 mg/l; PH=7.2
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Fig. 13. Schematic diagram of new chemical-activated sludge treatment system for pulp mill wastewater.

Table 3
The results of selective hydrogenation with NaBH4 and pure hydrogen

Conditions Color units  Color reduction
(PH=7.8) (%)
(1) Untreated sample 1500 0
(2) NaBH4 reduction reaction (1 atm, 25 °C) 45 97
(3) Hydrogenation reaction
200 psig, 25°C 630 58
500 psig, 136°C 465 69
1400 psig, 275°C 15 99

Fig. 13 shows the schematic diagram of the innovative com-
bined chemical-activated sludge treatment process. This sys-
tem is composed of two 20-1 CSBR’s. The chemical reduction
reaction with NaBHy was carried out in the first reactor. Sub-
sequently after pH adjustment, the chemically treated effluent
is subjected to activated sludge process in the second reactor.
A major color reduction was achieved in the first reactor after
1-day retention time. Significant reductions in BOD (Fig. 14),
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Fig. 14. Effectof combined chemical-activated sludge treatment system on BOD
of pulp mill wastewater.
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Fig. 15. Effectof combined chemical-activated sludge treatment system on COD
of pulp mill wastewater.

COD (Fig. 15), and TSS were observed with a 5 days retention
time in the second reactor. The effect of chemical reaction on
color is shown in Fig. 16. For 1-day retention time, a 97% color
reduction was observed. Another significant result of this color
removal process is 85% increase in BOD in contrast to 35%
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Fig. 16. Effectof combined chemical-activated sludge treatment system on color
of pulp mill wastewater.
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reduction of COD. This shows that some non-biodegradable
chromophores are converted to biodegradable organic com-
pounds such as secondary alcohols in the first reactor. The
experimental TSS measurements in the first reactor indicate
that the new proposed technique eliminates the environmental
sludge disposal problem compared to the conventional meth-
ods, such as chemical precipitation and coagulation. Further
treatment by the activated sludge process in the second reac-
tor decreased BOD, COD, and TSS by 99%, 92%, and 97%,
respectively. The experimental results of this study are reported
within 5% error. The major difference between this newly devel-
oped treatment method with other conventional systems is the
key step of converting non-biodegradable chromophores into
biodegradable compounds via reduction reaction with sodium
borohydride.

3.3.3. Safety and environmental assessment of treated
effluent via new technique

The products of reduction reaction in the first reactor are
some low-molecular weight biodegradable products such as the
secondary alcohols and inorganic salts (NaH,;BO3) which are
biologically oxidized and decomposed in the second reactor.
Thus the final discharged effluent into environment contains
environmentally compatible products. But high concentration
of boron can be considered as an environmental risk. Specifi-
cally in this regard, there is a concern over the amount of boron
entering the ecosystem and its harmfulness to some plants. The
highly colored wastewater streams comprising 15% of the total
effluent flow in a Kraft pulp mill are responsible for 90% of the
total effluent color, which can be treated separately with NaBHy4.
After color reduction, dilution of the chemically treated wastew-
ater with the remaining 85% effluent would finally result in about
3 ppm boron concentration in the discharged wastewater into the
Caspian Sea. According to US-EPA irrigation standards [65], the
maximum allowable boron concentration for resistive (grasses,
alfalfa), semi-resistive and sensitive (citrus) plants are 10, 2.5
and 1.25 ppm, respectively. Therefore, the proposed new treat-
ment system does not seem to create any significant water pol-
lution problem in this regard. Another safety and environmental
issue of using NaBHy4 is the possible air pollution. Sodium boro-
hydride can be dangerous when it is heated to decomposition
because it emits toxic fumes. But since the new treatment method
is carried out at ambient temperature and pressure, therefore the
proposed technique does not make any air pollution problem
either. The third safety issue is that sodium borohydride is poi-
son by ingestion. In this regard it is imperative to realize that
since sodium borohydride is the limiting reactant in the chem-
ical reaction, therefore, the conversion of the reducing agent
in the reduction reaction is 100% and thus it is completely con-
sumed and decomposed into environmental compatible products
in the first batch reactor, which have no safety nor environmental
risks.

3.3.4. Economics

The perspective of the capital and operating costs of the pro-
posed new treatment method is a major concern for the pulp and
paper industry. The total wastewater of a typical pulp mill plant s

Table 4
Comparison of reduction—biological technique with other conventional treat-
ment methods

Treatment technique Sludge disposal Color removal
problem

(1) Reduction-biological technique Slight High

(2) Biological oxidation Medium Low

(3) Coagulation with alum Severe Low-medium

(4) Adsorption with activated carbon Severe Medium-high

composed of streams with different flow rates and color intensi-
ties. In the pilot scale experiments of this study, the operating cost
of NaBHj4 for reducing the color up to 97% in a 1-1 of the most
highly colored wastewater sample (1500 CU) was estimated to
be 0.001 US dollar. To implement this technique in a large-scale
environmental application with less cost, it is proposed to reduce
the color of the highly colored wastewater streams (15% of the
total effluent with color intensity of 1500 CU) with NaBHy4 up
to 50%. Then subsequently dilute the chemically treated sam-
ple (color intensity of 750 CU) with the remaining 85% effluent
(color intensity of 200 CU). The resulted dilution would natu-
rally decrease the color further and then the total wastewater is
subjected to biological oxidation in order to decrease the BOD
and COD. This would finally result in a discharged total effluent
with substantially reduced color intensity with 50% cost of the
pilot scale experiment. Therefore, implementing the proposed
technique at large-scale treatment plant, it is expected to have
an extra operating cost of about $ 0.0005 per 1-1 of total efflu-
ent for the reducing agent in order to remove the color almost
completely. The other operating costs of the new technique are
lower than those of conventional treatment methods. The main
economic advantage of the proposed technique is to eliminate the
sludge disposal problems caused by the conventional methods
such as adsorption with activated carbon and chemical precip-
itation with different coagulants such as alum. The operating
cost due to disposal problems and color removal efficiency of
the developed method of this study was compared with three
conventional treatment methods (biological oxidation, adsorp-
tion with activated carbon, coagulation with alum) as shown in
Table 4. Not only does the new combined chemical-biological
treatment system have higher color removal efficiency and capa-
bility, it also does not create any sludge disposal problems in
contrast to the chemical precipitation with activated carbon and
alum.

4. Conclusions

The results of chemical analyses (IR, NMR, UV) indicate
that the color-causing materials in the Kraft pulp mill effluents
are due to unsaturated compounds, possibly conjugated double
bonds and carbonyl groups on the aromatic ring. Based upon
the functional group identification, obtained from the chemical
analyses, an advanced treatment technique for color removal at
bench-scale was developed and tested. The results show that a
reduction reaction using sodium borohydride as the reducing
agent is a viable method for almost complete color elimination
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without any potential disposal problems. The batch study of
NaBH4 reduction indicated that the color decrease followed first-
order kinetics with respect to sodium borohydride consumption
with the reaction rate constant of 0.6h~!. Therefore, subse-
quently a new method, combined chemical-biological treatment
system, was investigated at pilot scale. This technique seemed to
effectively decrease the color as well as BOD, COD and TSS in
contrast to the conventional techniques such as aerated lagoon
and activated sludge systems in which no significant color and
COD reduction occurs. Another major advantage of this new
method with respect to other methods, namely, adsorption with
activated carbon and coagulation with alum, is to remove color
without causing any serious disposal problems and consequently
much less operating condition cost. The activated sludge and aer-
ated lagoon were simulated with the residence time of 5 and 15
days, respectively, and no effect on color was observed in both
treatment systems. But the new chemical-biological method in
a total residence time of 6 days decreased the color, COD, BOD,
and TSS up to 97.5%, 95%, 98%, 97%, respectively. The oper-
ating cost of the proposed chemical reduction reaction treatment
system using NaBH,4 was estimated to be 0.001 US dollar per
1-1 of the most highly colored wastewater for 97% color elimi-
nation.
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