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Abstract

Pulp and paper mills generate a huge amount of wastewater and some of them, especially non-wood paper mills, do not pos-
sess recovery systems. In this research work, the effectiveness of coagulation—flocculation using poly (ethylene oxide), poly
aluminium chloride and poly (dimethyl diallyl ammonium chloride) for the treatment of a black liquor obtained from a pulp
mill (with wheat straw as the raw material) is reported. Furthermore, the calorific potential of the solid fraction generated
after these treatments was investigated with the aim of enhancing this residue. Chemical oxygen demand (COD), turbidity
and total solids (TS) were determined in the supernatants obtained from the different coagulation—flocculation processes.
The treatment with poly (ethylene oxide) at pH 2.0 achieved the maximum reduction of TS (66%), COD (75%) and Turbidity
(95%) in the black liquor and the precipitated solid fraction with the highest calorific value (19.9 MJ/kg).
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impact and the treatment to reduce this impact involves high
economic costs. Furthermore, the recovery of the lignin in
the black liquors, for its subsequent valorization, is in line
with the circular economy concept and the creation of new
employment opportunities.

This study delves into the optimal operating conditions
necessary to improve the efficacy of the coagulation—floc-
culation processes applied to the treatment of contaminant
black liquors. Moreover, an analysis of the calorific poten-
tial of the by-product recovered after the treatment of these
liquors, for its possible energetic valorization, is presented.

Introduction

Sustainable development requires the optimal exploitation
of both natural resources and the enormous quantities of
residues generated by any human activity. In this regard, sci-
entific interest is currently focused on getting the maximum
use possible (and there is also an increasingly growing busi-
ness interest in this) of the large amount of lignocellulosic
biomass—as in the processes of the petroleum industry—
used as a raw material or created as a residue in a multitude
of industrial processes [1]. Following the exploitation of
compounds in that biomass, a wide range of chemical sub-
stances can be synthesized and multiple materials produced,
in addition to obtaining energy [2, 3].

Nowadays, many of the main biorefinery processes of lig-
nocellulosic materials are aimed at the wide production of
cellulose through pulping processes. As reference data, the
production of pulp in 2013, at global level, was 170 million
tons of pulp suitable for paper-making [4] and 6.4 million
tons of dissolving pulp [5]. These tons are fundamentally
produced through the exploitation of forest lignocellulosic
materials (mainly, conifers and broadleaf species); although,
recently, the use of alternative raw materials has risen, such
as cereal straw (wheat, barley, rice), olive-tree pruning, or
rapid-growth crops such as Leucaena leucocephala and
Chamaecytisus proliferus [6-9].

Both wood and non-wood pulping processes generate
large volumes of black liquors as by-products and/or liquid
waste in the paper industry. Black liquors contain a high
content of total dissolved solids (TDS, organic and inor-
ganic materials), which is usually over 15% (w/w). TDS
are mainly composed of lignin derivatives, low-molecular-
weight compounds and the reagents employed in the pulp-
ing process [10]. This results in a high chemical oxygen
demand (COD), turbidity and a large number of organic
compounds, as well as an intense black/dark colour [11].
This characteristic colour is mainly due to the lignin and
the degradation products formed during the pulping pro-
cess. If these liquors are directly discharged into water,
even in very small amounts, they can affect the aquatic
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life and food chain; and, therefore, decontaminating them
before their spillage is necessary [12]. Nevertheless, the
chemical composition of these residues makes the treat-
ment of these liquors more complex, which can sometimes
complicate the economic and environmental viability in
the plants operating on a small scale and without systems
for the recovery of reagents [13].

A vast amount of research has been done on the depura-
tion of paper-industry black liquors through multitude of
treatments with significant differences with regard to the
effectiveness, the energy consumption and the economic
cost. There are several processes including membrane-sep-
aration technology, anaerobic biological technology, ion-
exchange, activated carbon, electrodialysis or combined
technologies (membrane, aerobic biological, coagulation,
flocculation), among others, that have been used for the
treatment of the effluent from paper [14-21]. Coagulation
and flocculation processes are one of the best options to
reduce COD, TSS and even the colour of pulping wastewa-
ter, thanks to the addition of polymers (cationic/anionic)
that interact, electrostatically, with the fraction of lignin
in the black liquors, prompting the formation of chemical
complexes and with it, their precipitation. Poly (ethylene
oxide) (PEO) has been found to be an effective floccu-
lant for pre-hydrolysis liquor (PHL) [22, 23]. Also, the
use of an acidification process in conjunction with floc-
culants like PEO may reduce the quantity of flocculants
required to cause the precipitation, and even improve the
lignin removal [23, 24]. Other studies have proven the
high effectiveness of flocculants, such as poly aluminium
chloride (PAC), ferric chloride, ferrous sulphate or poly
(dimethyl diallyl ammonium chloride) (poly-DADMAC),
when applied to pulping wastewater [23-26].

The lignin recovered could be used as (1) an energy
source [27, 28] (2) parent material of phenolic resins,
adhesives or polyolefin [29, 30] (3) raw material for the
production of carbon fibres [31] and (4) binding material
for lithium batteries [32].

Research studies are currently aimed at the optimal
recovery and later use of the fraction rich in lignin in order
to raise the usage of the lignocellulosic biomass. Every-
thing expounded is in line with the circular economy and
explains why, in recent years, biorefinery of lignocellu-
losic materials has aroused great interest within the pulp
and paper industry [33-35].

This research has studied the use of PEO, PAC and
poly-DADMAC on black liquor, obtained after a pulping
process, with the aim of analysing its effect on COD, tur-
bidity and total solids. Moreover, the calorific value of the
solid fraction separated through coagulation—flocculation
processes (rich in lignin) has been determined, in order
to assess and compare its possible energetic valorization.
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Materials and Methods
Materials

Cereal straw used in pulping processes, at laboratory scale,
was supplied by the company Ecopapel S.L. (Ecija, Spain).
The straw was manually sampled so as to eliminate the unde-
sired material (mainly stones and seeds) and was stored in
plastic bags, at room temperature, until it was pulped in the
reactor.

To perform this work, different coagulants were used.
Poly (dimethyl diallyl ammonium chloride) (poly-DAD-
MAUC, solution 20 wt% in weight) with a high molecular
weight (average 400-500 kDa) was purchased in Sigma-
Aldrich (Madrid, Spain). Poly (ethylene oxide) (PEO,
600 kDa) was also obtained from Sigma-Aldrich (Madrid,
Spain). Poly aluminium chloride solution (PAC, 10%) was
provided by Brenntag (Seville, Spain).

Pulping Process

To conduct the pulping process, a 15-L batch cylindrical
reactor (Metrotec®, Guiptzcoa, Spain) was heated by an
outer jacket heater and connected to a rotary axle to provide
proper agitation. This reactor monitored pressure, tempera-
ture, and cooking time. Wheat straw was cooked under the
following operating conditions: 7% NaOH (over dried mate-
rial) at 100+ 1 °C for 150 min, and the liquid/solid ratio was
10:1. These operating conditions are the same as those used
in the industrial process (Specel®) performed by Ecopapel
S.L.

After performing the pulping process, the liquid fraction
(black liquor) was separated from the solid (unbleached
wheat straw pulp), through a sieve with 2-mm holes. The
characteristics of the wheat straw pulp obtained have been
previously reported [9].

Coagulation-Flocculation

After recovering the wheat straw pulp, the black liquor gen-
erated in this process was treated with different coagula-
tion—flocculation processes in order to minimize its toxicity.
Also, the by-product obtained was used to produce energy.

On the basis of the complexation of lignin with coagu-
lants, such as PEO/poly-DADMAC/PAC, showing our pre-
vious study [36] and different works of literature [22, 23,
37-40], the experimental design of this study has been raised
with different conditions (pH and concentration of reagent)
under which these coagulants could be most effective for

the reduction of the environmental impact of this type of
waste. To this end, three coagulants were added to the black
liquor under different conditions: PEO (1200, 1500, and
1714 mg/L), poly-DADMAC (191, 250, 308 and 364 mg/L)
and PAC (990, 1190, 1575, 1961 and 2913 mg/L). These
concentrations were selected based on the previous results,
as well as the different pretreatments performed before the
flocculation—coagulation treatments previously reported in
the literature, using PEO [22, 23, 37], poly-DADMAC [38,
39] and PAC [26, 40]. In some of the five tests performed, a
previous acidification of the black liquors was carried out to
achieve the optimum conditions of flocculants (see Table 1).
This acidification entails the addition of sulphuric acid, to
the initial solution of black liquors, to reach pH 2.

After the coagulation—flocculation processes, the differ-
ent solutions were centrifuged for 20 min at 8000 rpm and
the supernatant (liquid fraction) was recovered. The insolu-
ble fraction was dried in an oven at 60 °C overnight and
weighed. Additionally, a diagram of the configuration of
the process to improve the removal of the chemical oxygen
demand (COD), turbidity and total solids is presented in
Fig. 1.

Liquid Fraction Characterization

The analysis of physical and chemical parameters of the dif-
ferent liquid fractions obtained after the flocculation process,
and the initial black liquor as well, were performed in dupli-
cate. The density was determined by dividing their total mass
by their total volume. The turbidity was measured using a
HI 93703 Turbidimeter (HANNA instruments, Guiptizcoa,
Spain) at room temperature (UNE-EN 7027:2001). COD
was determined by the standard dichromate method (UNE
77004:2002). Dry matter was evaluated based on its weight
loss (determined as the steady weight) at 105 °C for 24 h
(UNE 77030:2015). Volatile Solids (VS) and ash content
were obtained based on their weight loss after combustion
at 575 °C for 3 h. Finally, the pH and the electrical conduc-
tivity were analysed with a meter of pH and conductivity
(Crison Instruments, Barcelona, Spain).

Table 1 Experimental conditions of the coagulation—flocculation pro-
cesses

Tests Coagulant/flocculant Previous  Time (min) Stirring (rpm)

acidifica-
tion
1 PEO No 30 100
2 PEO Yes 30 100
3 Poly-DADMAC Yes 10 150
4 PAC (10%) No 2/8 150/50
5 PAC (10%) Yes 2/8 150/50
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Fig. 1 Diagram of the whole
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Solid Fraction Calorific Value Results are presented in Table 2. The percentage of total
solids was significant in the liquid fraction and more than
The data refers to a base constant calculation; all opera-  50%, dry weight were volatile solids. In turn, most of these

tions were referred to on a dry basis (moisture-free). The volatile solids COI'I'GSpOIld to the hgnln in the black liqUOI'S

moisture content was determined applying the standard UNE (16 g/L) as described in our previous study [36]. These

77030:2015 (dried in an oven at 105 °C for 24 h). results can explain that the values of turbidity and COD were
The gross heating values (constant volume) were deter- high. In any case, the data obtained is between the levels

mined according to “CEN/TS 14918:2005 (E) Solid biofu-  of the paper-industry liquors, studied by other authors and

els—*“Method for the determination of calorific value” and ~ to which the same coagulants and flocculants were applied

UNE 164001 EX standards by using a Parr 6300 automatic ~ [24, 41].

isoperibol calorimeter (bomb calorimeter). Sample pellets

of 1.0 g were used for each analysis. A cotton thread was  Effectiveness of Coagulation-Flocculation Processes

attached to a platinum wire of ignition and placed in con-

tact with the pellet. The bomb (a stainless steel box) of the  Effect of PEO Dosage on the Parameters of the Process

calorimeter was filled with oxygen at 25 °C and 1.0 cm® of ~ at Acid and Neutral pH of Black Liquor

water was added to it. The bomb was then placed inside the

isothermal jacket of the calorimeter, with an air-gap separa-  Figure 2 shows the percentage of removal of total solids and
tion of 10 mm between the jacket wall surface and the bomb  the percentages of COD and turbidity reduction in the black
wall surface. The electrical energy for ignition was deter-  liquor after its treatment with different proportions of PEO
mined according to the change of potential through a 1256 or ~ at pH 7.0 and 2.0.

2900 pF capacitor when discharged from about 40 V through Amongst the treatments with the same pH, the increase
a platinum wire. The calorimeter jacket was maintained ata  of the proportions of PEO did not result in significant dif-
constant temperature making the water flow at 27 °C. ferences of the percentage of total solids removed; neverthe-

less, this behaviour was different when we compare tests
with different pH values. Acidification resulted in a higher

Results and Discussion removal of total solids (around 20 percentage points) than
with the treatments with neutral pH. These results can be
Initial Characterization of the Liquid Fraction explained by the synergy of two factors, to be taken into
account in processes at low pH levels: (1) PEO reacts with
Before the coagulation—flocculation treatments, the phys- the phenolic groups of the lignin inducing the formation of
icochemical properties of the black liquor were analysed.  stable complexes with a high molecular weight that end up

Table 2 Physicochemical characteristics of the black liquor from the pulp process results correspond to the average and the standard deviation
(n=2)

pH Total solids (%)  Volatile solids (%)  Ash (%) Turbidity (NTU)  COD (mg/L) Lignin (g/L)

Black liquor ~ 7.05+0.05 4.01+0.05 2.35+0.06 1.65+0.01 3112.33+60.81 35,733.99+1123.01 16.06+0.10
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Fig. 2 Effect of the PEO dosage on the total solids, COD and turbid-
ity of the liquid fraction with neutral pH ad with pH 2.0

precipitating [22, 42, 43]; and (2) anionic organic molecules
interact with metallic cations which form insoluble metallic
complexes that remain stable [44]. The highest percentage
of removal of total solids (66% approximately) was achieved
when adding 1200 mg/L of PEO (pH 2.0).

Regarding the evolution of the percentages of COD
and turbidity reduction, results proved that there were no
major differences observed when increasing PEO propor-
tions between experiments at the same pH. Nevertheless,
when comparing experiments with different pH, the highest
removal percentages were observed at pH 2 (around 20 per-
centage points for COD and around 15 percentage points for
turbidity). Literature comprehensively explains the reduction
of COD at acid pH, based on the sum of two effects (1) the
interaction of PEO with the oxygen atoms in the phenolic,
carboxyl and hydroxyl groups of organic species, such as
the lignin; and (2) the acidic environment creates a screen
effect on some of the anionic charges in the structure of
lignin macromolecules, increasing the interaction amongst
them and the lignin/PEO complexes [23]. The most signifi-
cant percentages of reduction (75%, COD and 95% turbid-
ity) were obtained with the proportion 1200 mg/L of PEO
(pH 2.0). This COD reduction was significantly higher than
the maximum percentage (32%) that Shi et al. [37] reached
when applying 400 mg/L PEO (molecular weight, 800 kDa)
on liquors obtained from pulping kraft processes.

Effect of Poly-DADMAC Dosage on the Parameters
of the Process at Acid pH of Black Liquor

PDADMAC molecular weight and pH have a notorious
impact on the efficacy of the flocculation process. Several
authors point out that performing flocculation processes with
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Fig.3 Effect of the dosage of poly-DADMAC on the total solids,
COD and turbidity of the liquid fraction, at pH 2.0

low-molecular-weight PDADMAC and with high pH values
(>9.0) are not optimum conditions for the treatment of black
liquors of the paper industry [38, 39]. In this study, the liq-
uid fraction of the black liquor was acidified to pH 2 with
concentrated sulphuric acid and, later, with different propor-
tions of high-molecular-weight PDADMAC (40-10* g/mol).
Figure 3 shows the percentage of total solids removed and
the percentages of COD and turbidity reduction in 4 tests
with different dosages of PDADMAC. With the operating
conditions established for the tests, there were no significant
differences amongst the parameters being studied, except in
the case with the highest proportion of PDADMAC, where
a slight decrease of the efficacy of the process was observed.

PDADMAC has a high-density cationic charge which
becomes neutralized by the density of negative charges of
species, such as the lignin, in these kinds of black liquors
[45]. Nevertheless, in the event of an excess of PDADMAC,
a re-stabilisation of positive charges can occur and, with it,
repulsion phenomena may appear [46]. This can explain the
behaviour of the test with the highest amount of flocculant.

With the dosages of PDADMAC applied (between 191
and 364 mg/L) at pH 2.0, a reduction on the content of total
solids, COD, and turbidity was achieved, reaching aver-
age percentage values of 42%, 57% and 94%, respectively.
These values are similar to the ones obtained in other stud-
ies on paper-industry black liquors treated with PDADMAC
of different molecular weights, with proportions between
0.4-160 mg/L [38, 39].

Effect of PAC Dosage on the Parameters of the Process
at Acid and Neutral pH of Black Liquor

Figure 4 shows the effects on the parameters of evaluation
of coagulation processes on black liquors, to which different
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proportions of PAC were applied, with the original pH (7.0)
and with pH 2.0. Overall, the results revealed that the acidi-
fication of the environment fostered the indicators of the
process when the dosage of PAC was <1960 mg/L; whereas
with 2913 mg/L, the efficacy of the treatment experienced
an increase with a neutral pH. This behaviour was similar
to the one revealed by the studies of Ahmad et al. [47] with
the same type of waste, to which different dosages of PAC
(200-1400 mg/L) were applied with pH levels between 5
and 10.

Amongst the experiments at acid pH, there were no sig-
nificant differences in the results for the process indicators,
except in the case with the highest dosage (2913 mg/L),
where a slight decrease of the percentages of COD and tur-
bidity reduction was observed. This result may be due to the
important role performed by pH on metallic hydroxides with
a positive charge originated by the hydrolysis of the metallic
coagulant dissolved in water, according to Eq. 1 [48].

XM + yH,0 = M, (OB)™* + yH* (1

It is known that these metallic species are hydrophobic
and, moreover, these are adsorbed to the surface of anionic
organic particles, diminishing their solubility. Specifically,
the aluminium species formed in the solution of PAC has a
strong trend towards the formation of insoluble complexes
with a number of ligands, especially, with polar molecules
and with functional groups containing oxygen, such as the
hydroxyl or carboxyl groups [49]. This reaction (Eq. 1) is
shifted towards the left, as pH decreases; and protons occupy
the positions of negative-charge density of the organic mol-
ecules, reducing the coagulant efficacy [50, 51].

In our study, with acid pH (2.0), the average values of
the percentages of total solids removal, COD and turbidity
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Fig.4 Effect of the dosage of PAC on total solids, COD and turbidity
of the liquid fraction, at neutral pH and at pH 2.0
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reduction were 27.2%, 59.0% y 92.9%, respectively. This
COD reduction was similar to the one achieved by Felis-
sia et al. [13] in their study on the efficacy of this type of
coagulant on paper-industry black liquors with pH 5.0 and
a far superior dosage (6000 mg/L) than the one used in our
study; nonetheless, in Srivastava et al. [40] with a dosage
of 3000 mg/L. PAC and with pH 3, a higher percentage of
COD reduction was achieved (approximately 20 percentage
points more).

As per the treatments at neutral pH, a significant decrease
in the content of total solids and turbidity was observed with
the highest proportions of PAC (1961 mg/L and 2913 mg/L);
whereas COD barely varied. Overall, the highest efficacy
was achieved with a dosage of 2913 mg/L of PAC (reduc-
tion of total solids, COD and turbidity around 47%, 50%
and 88%, respectively). This reduction of COD noticeably
surpassed (approximately 35 percentage points) the one
achieved by the work of Irfan et al. [26] with a dosage of
800 mg/L of PAC on black liquors, at neutral pH.

Solid Fraction Recovery and Calorific Potential

The effects of PEO dosage on the amount of precipitate of
black liquor is presented in Fig. 5a. With both neutral pH
and pH 2, it was observed that the increase in the amount of
PEO did not cause any significant differences amongst the
quantity of precipitated mass in the different tests. Neverthe-
less, overall, the treatment with pH 2.0 achieved an increase
of the precipitated mass, of 22 g/L approximately, compared
to the one with neutral pH.

The amount of precipitate from the black liquor treated
with poly-DADMAC at pH 2 is presented in Fig. 5b. When
increasing the concentration of poly-DADMAC, the amount
of precipitate reached its maximum (27 g/L) with 308 mg/L
of poly-DADMAC. Furthermore, it was observed that an
increase exceeding 308 mg/L of poly-DADMAC had a nega-
tive effect on the lignin complexes formation; a fact that has
been previously reported [46, 52]. Consequently, the opti-
mum dosage of PDADMAC at pH 2 was 308 mg/L because
lower or higher dosages mean lower reductions of COD,
total solids as well as the amount of precipitate (Fig. 3).
Accordingly, for this dosage (308 mg/L), the amount of pre-
cipitate at the neutral pH was also measured (5.1 g/L) (data
not shown), and it was much lower than the one obtained at
pH 2 (27 g/L), as well as the turbidity, COD or total solids
removal (data not shown). For this reason, this experiment
was discarded.

The effects of PAC on the process of coagulation—floc-
culation are represented in Fig. 5c. At both conditions of
pH, it was observed that increasing the dosage of PAC
made the amount of solid fraction separated larger. This
reality was more pronounced with the highest dosage of
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Fig.5 Recovered solid fraction of the coagulation—flocculation processes

PAC (2913 mg/L) with neutral pH, obtaining a precipita-
tion of around 42 g/L of the solid fraction. Finally, a com-
parison between PEO and PAC is presented in the Fig. 5d
to observe the effects of both treatments with and without
acidification.

Once the solid fraction was separated through the dif-
ferent processes of coagulation—flocculation, an analysis to
study the calorific potential of that fraction (rich in lignin)
was performed. Figures 6, 7, and 8 show the calorific value
versus the concentration (mg/L) used for each flocculant that
was tested. Regarding the calorimetric determinations, they
have been obtained according to the elementary-type com-
positions provided in the CEN/TS 14918:2005 standard for
the determination of the calorific value in solid biofuels. As
per the units used (J/g), it is considered that an internal error
in the replicates of 120 J/g is within the accuracy margin of
the method. The results offered are averages of at least two
replicates that meet this criterion.

In the coagulation—flocculation experiments performed
with PEO at the original pH, very low flocculation efficiency
was observed (Fig. 6). The residues after combustion rep-
resented between 12.3 and 23.4%, which would explain the
substantial drop in the calorific value with regard to the
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4000

acidified black liquor, due to the lower relative presence of
organic matter. In the case of the experiments conducted by
combining acidification up to pH 2 and PEO addition, an
increase between 43.4 and 54.4% is observed compared to
those with the mere addition of the flocculant.

The results obtained, using poly-DADMAC, are pre-
sented in Fig. 7. An important rise in the calorific value
was found when the concentration increased from 191 to
250 mg/L. Nevertheless, with higher concentrations, there
weren’t any significant differences amongst the tests.

The results of the experiments performed with PAC
are presented in Fig. 8. With the use of this flocculant a
great precipitate was obtained at its highest concentration
(Fig. 2¢). However, the increase of the concentration of
PAC had a slight negative impact on the calorific value,
mainly due to the inorganic character of this compound.
Indeed, after the combustion, the final residue ranged from
14.4 to 24.4% when the experiment was performed at the
original pH of the black liquor and 6.9 to 16.3% when
the black liquor was previously acidified, up to pH 2.0.
Furthermore, combining the previous acidification of the
black liquor with the PAC addition resulted in higher val-
ues of the calorific value of the precipitate.
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Fig.6 Calorific value achieved
using poly (ethylene oxide)
(PEO)
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Furthermore, Table 3 shows selected gross heating val-
ues reported by several authors [53-56]. In short, softwood
and related materials typically have values in the area of
20.0 MJ/kg, and hardwood such as that from Eucalyptus
globulus generate about 18.0 MJ/kg, whereas other decidu-
ous plants (and their residues) give lower values.

Regarding the calorific potential of each test, the best
results were obtained with the solid fraction that was sepa-
rated with the addition of PEO at pH 2.0 (19.7-19.9 MJ/kg)

@ Springer

Poly-DADMAC concentration, mg/L in BL

#% Poly-DADMAC (pH 2)

and the one obtained with poly-DADMAC (16.8-17.7 MJ/
kg). Comparing these results with the gross heating values of
many lignocellulosic materials, provided by different authors
(see Table 3), it is observed that, in the first case, the values
were similar to the data obtained in conifer species or their
by-products; and, in the second one, the calorific value range
was similar to the one obtained with hardwood species such
as the E. globulus.
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Taking into account the information provided in Figs. 5,
6, 7, 8 and Table 4 shows the inferior and superior limits
obtained for the calorific value of the solid fraction per litre
of black liquor, treated in each test. Results indicated that
with dosages of 2913 mg/L of PAC (pH 2.0 and 7.0), of

Fig.8 Calorific value achieved 21000 -
using poly aluminium chloride
(PAC)

18000 A

15000

12000

Calorific value (J/g)

3000

Table 3 Gross heating values for different raw materials

308 mg/L of PDADMAC (pH 2.0) and of 1200 mg/L of PEO
(pH 2.0) the most significant performance was achieved,
with regard to the gross calorific values of the solid fraction
obtained per litre of treated black liquor (0.59 MJ, 0.53 MJ,
0.48 MJ and 0.45 M]J, respectively).
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PAC concentration, mg/L in BL

WPAC # PAC (pH2)

Raw material Gross calorific value References
(MJkg)
Pine cone 274 Brebu et al. [54]
Wood bark, Agba, Iroko, Atlas cedar, wheat straw 20.5-20.3 Demirba [53], Telmo et al. [56]
Spruce wood, softwood, common douglas fir, pinewood 20.1-19.6 Demirba [53], Telmo et al.
[56], Satyanarayan et al. [55]
Hazelnut shell, Hazelnut seedcoat, beech wood, narrow-leafed ash, Jatoba, olive 19.3-19.0 Demirba [53], Telmo et al. [56]
husk, Sapele, Ailanthus wood
Populus euro-americana, hardwood, English oak, Castanea sativa, Sycamore 18.8-18.2 Demirba [53], Telmo et al. [56]
maple, Sweet cherry, Babylon willow
Corn stover, tobacco stalk, Eucalyptus globulus, tobacco leaf, tea waste 17.8-17.0 Demirba [53], Telmo et al.
[56], Satyanarayan et al. [55]
Timothy grass, barley straw 16.7-15.7 Satyanarayan et al. [55]
Table 4 Inferior and superior limits of the calorific value in each test
PEO PEO PDADMAC PAC PAC
pH7.0 pH 2.0 pH 2.0 pH 7.0 pH 2.0

Gross calorific value (MJ) of the fraction of precipitate per litre of treated

black liquor

(0.07-0.11) (0.39-0.45) (0.42-0.48)  (0.19-0.53) (0.44-0.59)
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Conclusions

Black liquors, treated with different coagulants/flocculants
(PEO, poly-DADMAC and PAC) with different proportions
and pH (7.0, 2.0), had their content of total solids (15-66%),
COD (45-75%) and turbidity (50-95%) reduced. Overall,
under the operating conditions established for the different
tests, the efficacy of the treatment was higher with an acid
pH (2.0) and regardless of the dosage used; with the excep-
tion of the PAC, where the higher the dosage used with a
neutral pH, the more effective the treatment was.

With regard to the calorific value of the precipitated solid
fraction, the decrease of pH to 2 achieved the best results
(> 15 MJ/kg) in all cases; with the exception of the treat-
ment with PAC with the highest dosage (2913 mg/L) due to
the pronounced inorganic nature of this coagulant.

The use of 1200 mg/L of PEO with pH 2.0 achieved the
most significant results of removal of total solids (66%),
COD reduction (75%), turbidity decrease (95%) and calo-
rific value of the precipitated solid fraction (19.9 MJ/kg).
Nevertheless, with this test, the calorific value (0.45 MJ) of
the gross precipitated mass (20 g/L) per litre of black liquor
treated was lower than with the dosages of 2913 mg/L of
PAC with pH 2 and 7 (0.59 MJ and 0.53 MJ, respectively).

As an overall conclusion, it can be claimed that the treat-
ments applied, under the operating conditions established,
would allow for a noticeable reduction of the contamination
of the black liquors generated by the paper industry and for
the energetic valorization of the solid fraction recovered.
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