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Impact of Physicochemical Properties of Biomass-based
Fly Ash on Lignocellulose Removal from Pulping Spent
Liquor

Germaine Cave and Pedram Fatehi *

A biomass-based fly ash was fractionated and ground to produce fly ash
adsorbents of various compositions and particle sizes. It was determined
that grinding had no noticeable impact on the surface area and micropore
volume of the fly ash, but it increased the mesopore volume of the fly ash
remarkably. Isotherm analysis on the lignin and chemical oxygen demand
(COD) removals from a thermomechanical pulping (TMP) pressate (i.e.,
spent liquor) was performed. It was determined that the adsorption
process followed the Freundlich model, and the estimated maximum
adsorption capacities for the lignin and COD on the fly ash were identified.
The highest adsorption capacities for the COD and lignin were 204 mg fly
ash/g TMP pressate and 149 mg fly ash/g TMP pressate, respectively,
which were achieved under the treatment conditions of 298 K, 100 rpm
when mixing the fly ash and pressate for 24 h. The potential impact of
various physicochemical properties, such as the ionic strength and metals
content of the fly ash, on the adsorption capacity for lignin and COD was
also evaluated.
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INTRODUCTION

In the thermomechanical pulping (TMP) process, wood chips are treated with steam
or hot water prior to refining (Sixta 2006). The TMP process requires a substantial amount
of water to treat wood chips. The most concentrated wastewater in the TMP process is the
TMP pressate, which is the filtrate from the steam/hot water and/or primary refining stages
(Zheng and Liao 2014). This spent liquor consists mostly of lignin and some wood
extractives (Zasadowski et al. 2014) with a high chemical oxygen demand (COD) load
(Sumathi and Hung 2004; Andersson et al. 2008). Various methods, such as advanced
oxidation processes (AOPs), biological and electrochemical processes have been applied
in pulp and paper wastewater treatment systems (Pérez et al. 2002; Jaafarzadeh et al.
2017a,b; Abedinzadeh et al. 2018). Generally, an activated sludge process is used to treat
the produced spent liquor. However, the activated sludge system is sensitive to toxicity and
shocking loads, and substances that are difficult to biodegrade can remain in the effluent
after activated sludge treatment (Thompson et al. 2001). Moreover, treatment of this
wastewater requires a large amount of land for operation and landfilling the sludge
produced in the process (Thompson et al. 2001). In contrast, it has previously been stated
that a combination of physicochemical and biological treatments could potentially offer a
long-term solution for pulp and paper wastewater treatment operations (Pokhrel and
Viraraghavan 2004). Furthermore, the use of an adsorption treatment has been considered
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a suitable method for the removal of recalcitrant compounds, such as lignin, from pulp mill
effluents (Pokhrel and Viraraghavan 2004; Sumathi and Hung 2004; Kamali and
Khodaparast 2015).

In the pulping industry, a solid waste, such as biomass-based fly ash, is produced
as a residue from burning wood residues and sludge. Canadian mills use approximately
22% of fly ash for beneficial purposes, such as composting, road construction, and soil
conditioning, but the remainder of the ash is landfilled (Elliot and Mahmood 2006). The
potential uses of biomass-based fly ash as an adsorbent for spent liquors from the pulping
industry has been investigated in the past (Wang and Wu 2006; Gupta et al. 2009; Cretescu
et al. 2015; Lanzerstorfer 2015; Singh and Prasad 2015). Lignin removal from a TMP
pressate with a biomass-based fly ash has been studied as well (Oveissi and Fatehi 2015a).
It has been observed that 53% of lignin was removed via mixing biomass-based fly ash
with a TMP pressate under the conditions of 55 mg fly ash/g TMP pressate, 303 K, and 3
h (Oveissi and Fatehi 2015a). Other researchers have studied the adsorption of lignin on a
biomass-based fly ash from a model solution (Andersson et al. 2011) and TMP bleaching
effluent (Andersson et al. 2012). The compositions are expected to differ for various
industrially produced effluents. Therefore, the results available in the literature may not be
reliable for predicting the adsorption of TMP pressate components on a biomass-based fly
ash. Although experimental results have supported the adsorption of lignocelluloses onto
fly ash, no study has been conducted to relate the properties of biomass-based fly ash with
its adsorption performance. To implement the use of fly ash as an adsorbent in various
industries, such a correlation should be developed.

It is well known that the characteristics of the adsorbents impact their adsorption
performance (Faust and Aly 1998). It has previously been reported that, for nonporous
adsorbents, particle size reduction increased the adsorption capacity, which was attributed
to the considerably increased surface area and possible exposure of more accessible sites
for adsorption (Faust and Aly 1998). However, the particle size reduction of a highly
porous adsorbent seemed to have a limited impact on its surface area or adsorption capacity
because small molecules (e.g., phenols) would have access to the surface area inside pores,
and the particle size would have a more limiting effect on the adsorption (Faust and Aly
1998). One objective of this study was to determine how the particle size of a biomass-
based fly ash impacts its adsorption performance for lignocelluloses from a TMP pressate.

In contrast to activated carbon, which is mainly composed of organic compounds,
fly ash consists of organic and inorganic elements. While organic compounds may facilitate
the development of hydrogen bonding with the lignocelluloses in a pressate, the inorganic
compounds may help with the charge interaction and hydrophobic-hydrophobic interaction
with lignocelluloses. The inorganic compounds may also facilitate the complexation of
lignocelluloses in a pressate. Although the adsorption of lignocelluloses onto activated
carbon has been studied comprehensively, the impact of the physicochemical properties of
fly ash on its adsorption performance is unclear. Knowledge concerning such impacts is
essential for the development of fly ash-based adsorption processes to treat pressate. This
IS because these characteristics may vary with time and influence the efficiency of the
adsorption process. To have a consistent adsorption performance in industry settings,
information should be available to both understand the contribution of different
characteristics of fly ash on its adsorption capacity and minimize the variation in the
adsorption efficiency. The purpose of this study was to characterize the biomass-based fly
ash and relate its properties to its adsorption performance for the components of a TMP
pressate. In a series of experiments, fly ash samples with different particle sizes and

Cave & Fatehi (2018). “Biomass-based fly ash,” BioResources 13(4), 9092-9115. 9093



PEER-REVIEWED ARTICLE b | oresources.com

chemical compositions were made, and the effects of these parameters on the adsorption
performance of the fly ash was investigated.

Particle size reduction can be performed via mechanical grinding and fractionation
of the fly ash. Despite their popularity, it is unclear which process would be more reliable
for producing fly ash with the desired properties. Therefore, another objective of this work
was to study the impact of these procedures on producing fly ash with a high adsorption
performance. An isotherm analysis was also conducted on the fly ash samples using the
Freundlich and Langmuir models to describe the changes in the chemical oxygen demand
(COD) and lignin of a TMP pressate. Also, the relationship between the physicochemical
properties of the fly ash samples and their performance as an adsorbent was established.
This paper contributes to the development of biomass-based fly ash adsorption systems to
treat wastewater effluents.

EXPERIMENTAL

Materials

Biomass-based fly ash and TMP pressate samples were obtained from a pulp mill
located in central Canada. This fly ash was produced via burning tree branches, sludge, and
saw dust in a pulp mill boiler. The fly ash was dried overnight in an oven at 378 K and
stored in plastic bags at room temperature prior to use. The TMP pressate was stored in a
refrigerator at 277 K prior to use. Sodium hydroxide (98 wt.%), hydrochloric acid (37
wt.%), sulfuric acid (95 wt.%), sodium chloride, calcium chloride, and potassium chloride
were purchased from Sigma Aldrich (St. Louis, MO, USA). The COD kit (K-7365) was
obtained from CHEMetrics Inc. (Midland, MI, USA).

Methods
Fractionation of the biomass-based fly ash

The fly ash was mechanically sieved based on the method described by Zhu et al.
(2013). In this method, ASTM E11 sieves were used in conjunction with a Meinzer 11 Sieve
Shaker (CSC Scientific, Fairfax, VA, USA), and fractionation was performed in 10 min
intervals with 200 g of fly ash at a time. A sample of the fly ash was prepared by sieving
with 10 and 400 meshes, and the fly ash retained on the 400 mesh was mixed well and
labelled So. The fly ash fraction that was retained on the 10 mesh was discarded, as an
initial assessment showed this fraction has a limited adsorption capacity. Two sets of
experiments were conducted to produce fly ash samples with certain specifications.
Illustrations of the fractionation and grinding procedure used on the fly ash samples are
given in Figs. 1 and 2.

To produce fly ash with similar particle sizes and different elemental compositions,
the collected fly ash sample was fractionated with 16, 20, 40, 60, 140, 200, and 400 meshes.
These samples had particle size ranges of 0.037 mm to 0.074 mm, 0.105 mm to 0.250 mm,
0.250 mm to 0.420 mm, 0.420 mm to 0.841 mm, and 1.19 mm to 2.00 mm; and they were
labeled Fol, Fo2, Fo3, Fo4, and Fo5, respectively. The surface areas and pore volumes of
the fly ash samples were determined. The sieved fly ash samples (Fol, Fo2, Fo3, Fo4, and
Fo5) were ground separately for 20 s to 30 s using a grinder (Bel-Art SP Scienceware micro-
mill, Wayne, USA). The samples were then sieved again with 200 and 400 meshes. The
fly ashes retained on the 400 mesh were collected and labelled as F1, F2, F3, F4, and F5,
respectively, and had the same particle size range of 0.037 mm to 0.074 mm. This
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fractionation exercise was to ensure the collection of fly ash samples with similar sizes.
The surface area, pore volume, and carbon and metals contents of the ground fly ash
samples were then analyzed. The So fly ash sample that was set aside was also ground and
sieved prior to use as described for the fly ash samples above, yielding a fly ash sample (S)
with a particle size range of 0.037 to 0.074 mm.
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Fig. 1. Procedure for the fractionation and grinding of the fly ash to produce samples with
different compositions and similar particles sizes (F1, F2, F3, F4, and F5)

So

To produce fly ash samples with similar compositions and different particle sizes,
a portion of Fo4 was ground for 10 s to 15 s using a grinder (Bel-Art SP Scienceware micro-
mill). The ground Fo4 was then fractionated using sieves with 50, 60, 100, and 140 mesh
sizes. The fly ash fractions that were retained on the sieves of the 50 and 100 meshes were
discarded, as these samples had particle size ranges that overlapped with those of the other
samples. The fly ash retained on the sieves with 140 and 60 meshes were labeled as F4S
and F4M, respectively, and their surface area and pore volume were characterized. These
samples had particle size ranges of 0.105 mm to 0.149 mm and 0.250 mm to 0.297 mm,
respectively.
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Fig. 2. Procedure for the grinding and fractionation of the fly ash to produce fly ash samples with
similar compositions and different sizes (F4M and F4S)
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Characterization of the biomass-based fly ash

In this set of experiments, 0.2-g fly ash samples were analyzed with a Vario EL
cube elemental analyzer (Elementar, Langenselbold, Germany) to determine the carbon
content, as was described by Fadeeva et al. (2008). The metals content of the fly ash
samples was analyzed by inductively coupled plasma-optical emission spectrometry (ICP-
OES) using a Varian Vista Pro (Varian Inc., Palo Alto, CA, USA) with a CETAC ASX-
510 autosampler (Teledyne CETAC Technologies, Omaha, NE, USA) based on the EPA
3051A method (Cave and Fatehi 2017). In this method, 0.2-g fly ash samples were digested
with aqua regia (i.e., a 1:3 molar ratio of nitric acid and hydrochloric acid) in a Mars Xpress
microwave using an Xpress closed vessel (CEM Corporation, Matthews, USA). The
digestion conditions involved a ramp time of 20 min to a temperature of 448 K, which was
then maintained for 25 min. After completion, the samples were cooled and diluted with
40 mL of deionized water prior to the ICP-OES analysis.

The surface area of the fly ash samples was measured with a NOVA-2200e surface
area analyzer (Quantachrome Instruments, Boynton Beach, FL, USA) based on the method
previously described by Wang et al. (2006), and by applying the Brunauer-Emmett-Teller
(BET) theory. The fly ash samples were dried overnight at 403 K, and 0.05 g of the fly ash
samples were then degassed at 523 K for 4 h prior to analysis. The isotherms were
determined between the relative pressure range of 0.01 and 0.99 at a temperature of 77 K.
The BET surface area was determined with the multipoint method by fitting the data from
the nitrogen adsorption isotherms between the relative pressures of 0.05 and 0.3. The total
pore volumes were determined using the NovaWin software (version 11.0, Quantachrome
Instruments). The micropore volume of the fly ash samples was calculated by fitting the
data from the nitrogen adsorption isotherms between the relative pressure range of 0.06
and 0.2 to the Dubinin-Radushkevich equation (Hsieh and Teng 2000; Scherdel et al.
2010). The mesopore volume was then estimated by subtracting the micropore volume
from the total pore volume (Hsieh and Teng 2000; Yang et al. 2010).

To determine the solubility and soluble components of the fly ash samples, fly ash
samples were added to 50 g of deionized water in 250 mL Erlenmeyer flasks at a dosage
of 70 mg/g fly ash/water and the flasks were sealed. The mixtures were then shaken at 100
rpm in a Boekel water bath shaker at 298 K for 2 h. The mixtures were filtered with a glass
filter apparatus (Millipore) and filter paper (Whatman No. 1) and the fly ash leachate was
collected. The metal content of the leachate samples was then analyzed by ICP-OES. Then,
the leachate was dried in an oven at 378 K, and the solubility was determined based on
Eq.1:

Mass of dissolved components in leachate

Solubility (wt. %) =

x 100 1)

Initial mass of fly ash

Kinetic studies

The biomass fly ash sample, S with a particle size range of 0.037 to 0.074 mm was
added to 50 g of TMP pressate in 250 mL Erlenmeyer flasks at a dosage of 15 mg/g fly
ash/TMP pressate. The pH of the mixture was then adjusted to 6, and the flasks were sealed.
The samples were then shaken at 100 rpm in a Boekel water bath shaker at 298 K for
various time intervals of 0.5 h, 1 h,2h,3 h,4 h, 5h, 6 h, 12 h, or 24 h for determining the
equilibrium time. The samples were filtered with a glass filter apparatus (Millipore) and
filter paper (Whatman No. 1) after the adsorption treatment, and the filtrates were collected
for COD, lignin, and pH analyses. All adsorptions tests were repeated, and the average
results were reported.
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Adsorption isotherm studies

The fly ash samples F1, F2, F3, F4, F5, FAS, F4AM, and Fo4 were added to 50 g of
TMP pressate in 250-mL Erlenmeyer flasks at various dosages ranging from 5 mg fly ash/g
TMP pressate to 100 mg fly ash/g TMP pressate. The pH of the mixtures was adjusted to
6 (i.e., the original pH value of TMP pressate), and the flasks were sealed. The samples
were then shaken at 100 rpm in a Boekel water bath shaker (Feasterville, PA, USA) and
298 K for 24 h. The samples were then filtered with a glass filter apparatus (Millipore,
Burlington, MA, USA) using Whatman No. 1 filter papers (Sigma Aldrich, St. Louis, MO,
USA), and the filtrates were collected for the COD and lignin analyses. All of the
adsorption tests were repeated, and the average results were reported.

COD and lignin adsorption calculations
The COD and lignin removals were determined using Eg. 2, and the amounts of
COD removed from the TMP pressate and lignin adsorbed on the fly ash per unit mass of

fly ash at equilibrium conditions, ge (mg/g) were determined using Eq. 3,
- Cr

c
Removal % = OC—
0

X 100 2

(C _Ce)
qe = ——=V 3)

m

where m refers to the mass of the fly ash (g), V is the volume of the TMP pressate (L), Co
is the COD or lignin concentration in the filtrate of the control samples (mg/L), and Cr and
Ce refer to the COD and lignin concentrations (mg/L) in the filtrate after the fly ash
adsorption treatments, respectively.

The concentration of the filtrates in the control samples was used to account for the
effect of filtration on the concentration (i.e., no addition of fly ash). In this set of
experiments, a portion of the TMP pressate was filtered initially with a glass filter apparatus
(Millipore) and Whatman No. 1 filter papers. Afterwards, the filtrates were collected for
the COD and lignin analyses.

Model analysis

The data from the isotherm experiments was analyzed by regression analysis of the
linearized forms of the Freundlich and Langmuir models. The Freundlich equation and its
linearized form used in this study are given as Egs. 4 and 5, respectively,

qe = KeCo'" 4)
Inge = ~InC, + InKy (5)

where K is the Freundlich constant (mg>®™ LM /g), which is the relative adsorption
capacity of the adsorbent, and n is a unitless constant that indicates the favorability of
adsorption.

The maximum adsorption capacity (qm, mg/g) was estimated using Eq. 6 by
performing the isotherm tests experimentally with a constant initial concentration and
varying the dosage of the adsorbent (Hamdaoui and Naffrechoux 2007):

Gm = KeCJ'" (6)

The Langmuir equation and its linearized form used in this study are given as Egs.
7 and 8, respectively:
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__ qmbCe
€ T 1+bCe ()
Ce 1 1
=+ — 8
de dm € qmb ( )

where b is a constant that is related to the affinity between the adsorbent and adsorbate
(L/mg).

COD, lignin, hemicellulose and turbidity analyses

The COD analysis was performed according to the spectrophotometric method
using a Genesys 10S ultraviolet-visible (UV-Vis) spectrophotometer (Thermo Fisher
Scientific, Waltham, USA) at 620 nm. In this method, 2 mL of the samples were added to
COD vials (CHEMetrics Inc.) and incubated in a CR 2200 thermoreactor (WTW,
Weilheim, Germany) for 2 h at 423 K prior to measuring the COD with the
spectrophotometer. The lignin concentration was determined by the spectrophotometric
method described previously by Liu et al. (2011) using the Genesys 10S UV-Vis
spectrophotometer at 205 nm (Saeed et al. 2012a). The pH of the samples was adjusted to
7 (x 0.25) with 0.1 M NaOH or 0.1 M HCI prior to the UV analysis.

The TMP pressate was treated with 4 wt.% sulfuric acid at 121 °C for 1 h in an oil
bath so that hemicellulose (oligomeric sugars) were converted to monomeric sugars. The
acidulated samples were then filtrated by 0.20 um membrane and then measured by a
Dionex CarboPacTM ICS-5000 ion chromatography unit equipped with CarboPacTM
SA10 column (Dionex Co., Canada) and Thermo Scientific electrochemical detector.
Deionized water (with a 1.2 mL/min flow rate) and KOH (1 mM) generated by an eluent
generator (EGC 500 KOH) (1 mL/min flow rate) were used as flow phase and eluent,
respectively. The turbidity of TMP pressate was identified by 2100AN turbidimeter (Hach
Co., CO, USA).

Hydrodynamic diameter analysis

In this set of experiments, lignin was separated from the TMP pressate via
acidification based on the method described in the literature (Liu et al. 2011; Oveissi and
Fatehi 2015b). Initially, the TMP pressate was centrifuged at 1000 rpm for 10 min using a
Sorvall ST 16 centrifuge (Thermo Fisher Scientific) to remove undissolved particles. The
filtrate was then acidified with sulfuric acid (60 wt.%) so that the pH was 1.5, and then the
solution was shaken at 100 rpm in the water bath shaker at 298 K for 1 h. After
acidification, the sample was centrifuged at 3000 rpm for 15 min, and the lignin precipitate
was then collected. The precipitate was suspended in deionized water and neutralized (pH
= 7). The lignin solution containing the precipitate was then dried to a constant weight in
an oven at 333 K. Then, a 1-wt.% lignin solution was prepared in deionized water. The
solution was stirred overnight, and the hydrodynamic diameter of the lignin was measured
by dynamic light scattering with a BI2000 (Brookhaven Instrument Corporation,
Holtsville, USA) at a scattering angle of 90°, as was described by Li et al. (2006).

Zeta potential

The zeta potential of F1 and F4 in the TMP pressate at different concentrations of
sodium chloride was determined using a NanoBrook ZetaPALS potential analyzer
(Brookhaven Instrument Corporation). In this method, F1 or F4 was added to 50 g of TMP
pressate in 250-mL Erlenmeyer flasks at a dosage of 70 mg fly ash/g TMP pressate, and
the pH of the mixture was adjusted to 6. Next, the mixtures were adjusted to various sodium
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chloride concentrations ranging from 0.04 M to 0.5 M using a 2 M sodium chloride
solution, and the flasks were sealed. The samples were then shaken at 100 rpm in the water
bath shaker at 298 K for 24 h. Then, 0.5 mL of the unfiltered samples were diluted in 20
mL of 1 M potassium chloride solution and their electrophoretic mobility was determined
in triplicate using the NanoBrook ZetaPALS potential analyzer at 298 K, and the average
results were reported. The zeta potential was then calculated by the software using the
Smoluchowski model.

Coagulation experiments

The coagulation experiments were performed using a focused beam reflectance
measurement (FBRM) instrument and Particle Track E25 probe (Mettler-Toledo
AutoChem) by monitoring chord length of the colloids in the solutions as described
previously (Fatehi et al. 2016). In one set of experiments, the FBRM probe was immersed
20 mm below the solution level of 200 g samples of a TMP pressate in 400 mL glass
beakers, and the TMP pressate was stirred at 200 rpm until steady state conditions were
achieved. Then, various coagulant solution dosages of potassium chloride (546 to 4567
mg/kg KCI/TMP pressate) and calcium chloride (1040 to 2770 mg/kg CaClo./TMP pressate
were added separately at pH 6. The experiments were then repeated and the average results
were reported. The coagulation efficiency of the coagulants studied was monitored by
FBRM via quantifying the mean chord length and chord length distribution of particles
produced in the samples after 30 min at 298 K. After the coagulation experiments, all the
samples were filtered with a glass filter apparatus (Millipore) and filter paper (Whatman
No. 1), and the filtrates were collected for COD and lignin analyses. The COD and lignin
removals were determined using Eq. 2.

RESULTS AND DISCUSSION

Characterization of the TMP Pressate

The original TMP pressate contained 2.2 g/L lignin, 0.7 g/L hemicellulose, 2912
mg/L COD, and 637 NTU turbidity, and had a pH of 6.1. Oveissi and Fatehi (2015a)
reported that a TMP pressate contained 4.5 g/L lignin, 0.7 g/L hemicellulose, 5311 mg/L
COD, and 486 NTU turbidity, and had a pH of 5.3. These results suggested that the TMP
pressate used in this study represented a medium-strength pressate compared with previous
studies (Zasadowski et al. 2014; Oveissi and Fatehi 2015a). Furthermore, the
hydrodynamic diameter of the lignin present in the TMP pressate was determined to be 8.5
nm. Oveissi and Fatehi (2015b) reported the lignin present in a hydrolysis liquor to have a
hydrodynamic diameter of 2.1 nm.

Characteristics of the Biomass-based Fly Ash

The elemental components of the fly ash samples F1, F2, F3, F4, and F5 are given
in Table 1. As these samples were the ground versions of samples Fol, Fo2, Fo3, Fo4, and
Fo5, it could be claimed that the ground and unground samples had the same compositions.
It was observed that as the particle size of the fly ash samples decreased, their carbon
content decreased, while their metals contents increased. Similar results have been reported
previously for a biomass-based fly ash (Girdn et al. 2013). The carbon content of the fly
ashes will be reduced by an efficient burning of biomass in the furnace (Rajamma et al.
2009). The high carbon content of larger particles might result from the unburned portion
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of wood chips and tree branches. All residual incinerated inorganic elements were left as
ash and salts with smaller particle sizes. In our previous study, X-ray diffraction
crystallography (XRD) spectra also confirmed that different crystalline phases were
present in the different fraction of fly ash samples (Cave and Fatehi 2017). With a particle
size of 0.037 to 0.250 mm, lime (CaO), anhydrite (CaSQs), portlandite (Ca(OH).) and
calcite (CaCOs3) were present. Anhydrite, calcite, and portlandite were the three crystalline
phases present in the fraction of 0.250 to 0.841 mm. In the large fraction of 0.841 to 2.00
mm, calcite was the only crystalline phase identified (Cave and Fatehi 2017).

Table 2 lists the elemental compositions of the biomass-based fly ash samples (F4,
F4S, FAM, and Fo4). The results confirmed that these fly ash samples had similar chemical
compositions, but they had slightly different calcium contents. Also, these samples had
different particle sizes.

Table 1. Elemental Compositions of the Ground and Unground Samples

FL,Fol | F2,F2 | F3,F3 | F4,F4 | F5Fo5
Element
wt.%
Carbon 27.14 37.19 42.37 75.04 82.65
Aluminum 0.99 1.43 0.72 0.94 0.11
Barium 0.15 0.15 0.13 0.03 0.05
Calcium 19.68 15.42 16.57 2.76 3.40
Iron 0.63 1.08 0.48 0.76 0.06
Potassium 4.03 3.33 3.70 1.12 0.77
Magnesium 1.54 1.50 1.32 0.40 0.27
Manganese 0.81 0.67 0.74 0.13 0.15
Sodium 0.96 0.65 0.66 0.31 0.15
Zinc 0.20 0.16 0.18 0.02 0.01
Other 43.88 38.43 33.13 18.49 12.38
Table 2. Elemental Compositions of the Ground F4, F4S, F4M, and Fo4
F4 | F4S | F4M | Fo4
Particle Size Range (mm)
Element
0.037t00.074 | 0.105t00.149 | 0.250t00.297 | 0.420t00.841
wt.%
Carbon 75.04 73.11 72.00 73.16
Aluminum 0.94 1.19 0.91 1.09
Barium 0.03 0.03 0.03 0.04
Calcium 2.76 2.53 2.54 3.36
Iron 0.76 0.92 0.68 0.81
Potassium 1.12 1.00 0.93 1.11
Magnesium 0.40 0.50 0.46 0.51
Manganese 0.13 0.11 0.11 0.15
Sodium 0.31 0.45 0.34 0.41
Zinc 0.02 0.02 0.01 0.02
Other 18.49 20.15 20.15 19.35
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The surface area and pore volumes of the fractionated fly ash samples (Fol, Fo2,
Fo3, Fo4, and Fo5) and ground fly ash samples (F1, F2, F3, F4, F5, F4S, and FAM) were
determined, and the results are given in Table 3.

Table 3. Characteristics of the Fractionated Biomass-based Fly Ash Samples

Fol | Fo2 | F3 | Fo4 | Fe5
Particle Size Range (mm)

Parameter
0.037to | 0.105t0 | 0.250t0 | 0.420t0 | L.19to
0.074 0.250 0420 | 0.841 | 2.00
Surface Area | 145 g 150.0 1930 | 387.0 | 465.6
(m?/g)
Viow (cm?/g) 0.077 0.106 0.126 | 0240 | 0.269
Voo (cm?¥g) | 0.053 0.074 0.093 | 0203 | 0.238
Vimeso (cM¥g) | 0.024 0.032 0.033 | 0037 | 0031
F1 F2 F3 Fa F5

Particle Size Range (mm)
0.037 to 0.037 to 0.037to | 0.037to | 0.037to

0.074 0.074 0.074 0.074 0.074
Surface Area 109.0 144.9 189.8 393.4 471.9
(m2/g)
Viotal (cM?/g) 0.094 0.118 0.139 0.239 0.287
Vimicro (CM3/g) 0.054 0.072 0.095 0.200 0.245
Vimeso (CM3/g) 0.040 0.046 0.044 0.039 0.042
F4 F4s F4M Fo4

Particle Size Range (mm)
0.037 to 0.105 to 0.250to | 0.420to

0.074 0.149 0.297 0.841

S””Eﬁqcsg?rea 393.4 318.4 440.9 387.0 -
Viotal (cM?/g) 0.239 0.203 0.268 0.240 -
Vmicro (cM?/g) 0.200 0.164 0.228 0.203 -
Vimeso (cm?/g) 0.039 0.039 0.040 0.037 -

Viotal = total pore volume
Vmicro = micropore volume determined by Dubinin-Radsukevich analysis
Vmeso = mesopore volume (total pore volume - micropore volume)

The surface area ranged from 105.0 m?/g to 471.9 m?/g, the total pore volume ranged from
0.077 cm®/g to 0.287 cm®/g, and the micropore volume ranged from 0.053 cm®/g to 0.245
cm?®/g. Also, the surface area, total pore volume, and micropore volume increased as the
particle size increased before grinding (i.e., Fol, Fo2, Fo3, Fo4, and Fo5); the surface areas
and micropore volumes of the samples did not change remarkably after grinding (i.e., for
F1, F2, F3, F4, and F5). The mesopore volumes of the fly ash samples were fairly similar
for Fol through Fo5 (approximately 0.031 cm®/g), as well as for samples F1 through F5
(approximately 0.042 cm®/g). The results also indicated that grinding of the fly ash samples
increased their mesopore volume, as the shielded internal pores became available and total
pore volume increased (Table 3). Thus, the increase in the mesopore volume was very
limited, and the relative increase in the surface area was affected much less than the relative
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increase in the pore volume, leading to insignificant changes in surface area of fly ash. The
results in Tables 1 and 3 also indicated that the surface area and micropore volume
increased as the carbon content increased. As the carbon content of the fly ash originated
from unburned biomass, the increase in the carbon content was associated with the increase
in the surface area and micropore volume because biomass is a porous material (Kao et al.
2000; Wang et al. 2005).

It was also observable that the surface areas, total pore volumes, and micropore
volumes of F4, F4S, F4M, and Fo4 were different, but their chemical compositions were
similar (Table 2). Moreover, the mesopore volumes of F4, F4S, FAM, and Fo4 were similar
(approximately 0.039 cm®/g).

Determination of the equilibrium time

Figure 3 shows the equilibrium time for lignin adsorption and COD removal from
a TMP pressate by sample (S). The equilibrium time for lignin adsorption was attained at
approximately 6 h, and the amount of lignin adsorbed from a TMP pressate on sample (S)
was 89.1 mg/g. In the study by Andersson et al. (2012), the equilibrium time for adsorption
of lignin on a biomass fly ash was reported to be 6 h, and thus the results are consistent
with the literature results. The equilibrium time for the COD removal was reached at
approximately 2 h and the adsorption of components contributing to COD on S was 74.1
mg/g under the conditions studied. The results also indicate that approximately 89 % of the
lignin and COD removals occurred within 1 h of the adsorption treatment.

It was assumed that the equilibrium time for sample (S) would be representative of
the individual fly ash samples. All biomass fly ash samples were obtained originally from
So and the potential impact of grinding on the equilibrium time may be representative by
sample (S). However, the individual fly ash samples may reach equilibrium conditions at
different times. To ensure that the isotherm studies were conducted under equilibrium
conditions an equilibrium time of 24 h was used in this study for all isotherm tests. In one
study on the removal of phenolic and lignin compounds from a bleached kraft mill by fly
ash, the equilibrium time was observed to occur after 1 h and isotherm studies were
conducted for 24 h (Ugurlu ef al. 2005). Furthermore, the results in Fig. 3 indicate that the
equilibrium conditions were maintained at 24 h, and thus isotherm tests were assumed to
be conducted under equilibrium conditions.

Isotherm Analysis

The adsorption isotherm studies were conducted using the Freundlich and
Langmuir models, as they are frequently used for modeling adsorption processes (Foo and
Hameed 2010). The data on the lignin and COD removals from the TMP pressate on the
biomass-based fly ash samples F1, F2, F3, F4, F5, F4S, FAM, and Fo4 was fitted to the
isotherm models (figures not shown). The resulting Freundlich and Langmuir parameters
are given in Table 4 for F1, F2, F3, F4, and F5, and are given in Table 5 for F4, F4S, FAM,
and Fo4.

For the lignin adsorption, the Freundlich equation and Langmuir equation yielded
R? values of 0.951 to 0.993 and 0.897 to 0.985. For the COD removal, the R? values of
Freundlich equation was calculated to be 0.964 - 0.995, while the Langmuir equation
yielded unsatisfied R? values of 0.121 to 0.786.
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Fig. 3. Removals of lignin and COD from a TMP pressate by S as a function of adsorption time.
The adsorption conditions were 15 mg/g fly ash/TMP pressate; pH of 6; 100 rpm agitation speed;
and 298 K. The fly ash samples had a particle size range of 0.037-0.074 mm.

Overall, the results indicated that the both Freundlich and Langmuir equations
appear to produce reasonable models of lignin adsorption (Mall et al. 2005), suggesting
that further experiments are needed to provide more data for the determination of more
suitable model describing lignin adsorption processes. The COD adsorption systems were
best described by linear Freundlich equation, suggesting nonideal multilayer adsorption of
COD contributing compounds on fly ash surfaces (Gupta et al. 2007). Furthermore,
because the n values were greater than one, the COD adsorption from the TMP pressate
was favorable (Tables 4 and 5).

Impact of the lonic Strength

The solubility of fly ash was determined to be 8.81 %. The soluble components in
the biomass fly ash leachate were measured. Under the conditions of 70 mg/g fly ash/water,
100 rpm and 298 K for 2 h leaching treatment, the main metals that were detected in the
biomass leachate were Ca (1218.7 mg/L), K (2415.8 mg/L) and Na (464.8 mg/L). The trace
metals that were detected to a significant extent were Ba, Mg, Mn, Si, Sr, and Zn and the
remaining trace metals had a concentration of less than 0.1 mg/L or were below their
minimum detection limit.
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Table 4. Parameters of the Freundlich and Langmuir Isotherms for Lignin and
COD Removal in a TMP Pressate by F1, F2, F3, F4, and F5

oarameter F1 F2 | F.3 | | F4 F5
Lignin
Freundlich
n 2.02 1.92 1.93 1.72 1.67
Kr (mgL@n Lamy/g) 3.49 2.77 2.83 1.31 1.34
gm (Mg/g) 149 142 143 106 125
R2 0.987 0.979 0.993 0.986 0.981
Langmuir
b (L/mg) 2.29E-03 1.92E-03 2.00E-03 1.09E-03 1.69E-03
gm (Mg/g) 161 159 157 143 132
R? 0.918 0.916 0.939 0.922 0.906
COD
Freundlich
n 1.36 1.23 1.23 1.10 1.20
Kr (Mgl @Wn Lamy/g) 0.57 0.33 0.41 0.15 0.12
gm (Mg/g) 161 168 204 156 70
R? 0.990 0.991 0.988 0.995 0.964
Langmuir
b (L/mg) 4.67E-04 3.03E-04 3.25E-04 1.25E-04 1.80E-04
gm (Mg/g) 300 399 464 711 248
R? 0.786 0.768 0.665 0.617 0.318

pH=6

The addition of biomass-based fly ash to the TMP pressate increased the pH of the
solution, which was caused by the high metal oxide content (e.g., CaO) of fly ash, which
could easily be hydrolyzed in the form of metal ions and hydroxyl ion (Duan and Gregory
2003). For a fly ash dosage of 70 mg fly ash/g TMP pressate, the pH values of the resulting
mixtures with F1, F2, F3, F4, and F5 were 12.7, 12.6, 12.5, 9.8, and 9.9, respectively.
According to Table 2, the higher pH values corresponded to a higher calcium content. The
pH at point of zero charge (pHpzc) of fly ash was found to be approximately 6.5. The
number of negative charges on the surface of fly ash was expected to increase at a pH above
pHpzc leading to electrostatic repulsion between lignin’s hydroxyl groups and adsorbent.
It was reported in our previous study that pH adjustment had a significant effect on the
treatment of TMP pressate by fly ash (Cave and Fatehi 2017). The removal of lignin from
the TMP pressate at an acidic pH was enhanced as lignin is generally less soluble under
acidic conditions due to protonation of its carboxylate and phenolate groups. Therefore,
different dosages of hydrochloric acid were required to adjust the pH of the systems to 6,
which is below pHpzc and consistent with the original pH value of TMP pressate.
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Table 5. Parameters of the Freundlich and Langmuir Isotherms for the Lignin and
COD Removal in the TMP Pressate by F4, F4S, F4M, and Fo4

F4 F4S FAM Fo4
Parameter Particle Size Range (mm)
0.037 to 0.105 to 0.250 to 0.420 to
0.074 0.149 0.297 0.841
Lignin
Freundlich
n 1.66 1.98 2.15 1.43
Kr (Mgl L@n)/g) 2.82 3.80 3.68 1.15
gm (Mg/g) 270 175 124 230
R? 0.951 0.964 0.974 0.969
Langmuir
b (L/mg) 2.47E-03 2.94E-03 2.37E-03 1.64E-03
gm (Mg/g) 233 165 136 204
R? 0.985 0.975 0.923 0.897
COD
Freundlich
n 1.04 1.04 1.09 1.14
Kr (mgl-(/n | n)/q) 0.11 0.07 0.06 0.12
gm (Mg/Q) 170 116 64 103
R? 0.986 0.994 0.969 0.985
Langmuir
b (L/mQ) 6.49E-05 4.60E-05 5.80E-05 1.60E-04
gm (Mg/g) 1347 1272 580 387
R2 0.170 0.254 0.121 0.401

The pH adjustment step might change the ionic strength of the TMP pressate via
the addition of hydrochloric acid. To investigate the impact of the ionic strength on the zeta
potential of the pressate, different NaCl concentrations (0.5 M to 9 M) were prepared in
the TMP pressate at a pH of 6. The zeta potential of the TMP pressate was within -15 mV
and -20 mV, which confirmed that the zeta potential was not affected by the pH adjustment.
The results indicated that the increase in the ionic strength of the solution did not have a
remarkable effect on the zeta potential of the fly ash/TMP systems.

Impact of the Composition on the Adsorption Parameters

The values of the estimated Freundlich maximum adsorption capacity for lignin
adsorption by F1, F2, F3, F4, and F5 were 149 mg/g, 142 mg/g, 143 mg/g, 106 mg/g, and
125 mg/g, respectively, at pH 6. It has been reported previously that the adsorption capacity
of activated carbon for lignin from a TMP pressate was 166 mg/g (Oveissi and Fatehi
2014). The adsorption of lignin is expected to occur mostly in the mesopores of the fly ash
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(Radovic 2001) because the hydrodynamic diameter of the lignin in the TMP pressate used
in this study was 8.5 nm and mesopores have a pore width ranging from 2 nm to 50 nm.
As these fly ash samples had a similar surface area and mesopore volumes (Table 4), the
adsorption of lignin in these pores could not impact the adsorption capacity of different
samples. The zeta potential and ionic strength were not influential on the adsorption of
lignin. It is suggested that the chemical composition of fly ash rather than the physical
structure of fly ash could have the dominant role in affecting the adsorption capacity.

Figure 4 shows the relationship between the experimentally determined Kg for
lignin adsorption, and the total metals, calcium, and potassium contents of the fly ash
samples F1 to F5. The results suggested that there was a correlation between the lignin
adsorption Kg and the metals content of the fly ash samples (R?> = 0.981). The metals
content of the fly ash consisted of various elements, which made it impossible to determine
the effect of specific metals on the adsorption. However, calcium, which represented the
largest proportion of the total metals content in the fly ash samples (Table 1), exhibited a
linear trend with the lignin adsorption Kr (R? = 0.989). The potassium content also related
reasonably well to the lignin adsorption K¢ (R? = 0.965).
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Fig. 4. Kr for the lignin removal as a function of the total metals, calcium, and potassium contents
in the biomass-based fly ash; the Kr values for lignin were obtained from the isotherm analysis of
F1, F2, F3, F4, and F5

Figure 5 shows the relationship between the Kr for the COD removal from the TMP
pressate and the metals, calcium, and potassium contents of fly ash samples F1 through F5.
The results indicated that there appeared to be a positive correlation between the COD
removal Kr and the metals, calcium, and potassium contents in the fly ash (R? values of
0.894, 0.912, and 0.896, respectively).
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Fig. 5. Kr for the COD removal as a function of the total metals, calcium, and potassium contents
in the biomass-based fly ash; the Kr values for COD were obtained from the isotherm analysis of
F1, F2, F3, F4, and F5

In Figure 6a, the impact of potassium chloride dosage on the chord length
distribution of the TMP pressate is presented. The results indicate that the addition of
potassium chloride in the range of 546 to 4567 mg/kg KCI/TMP pressate had no impact on
the chord length distribution, implying that potassium chloride did not contribute to
coagulation of the components of TMP pressate. Thus, no lignin and COD removals were
observed by KCI (data not shown). Figure 6b shows the impact of the calcium chloride
dosage on the chord length distribution of the particles in the TMP pressate. The results
indicate that as the dosage of calcium chloride increased, the total number of counts and
the peak chord length increased suggesting that calcium chloride had a coagulating effect
on the constituents in the TMP pressate. In Figure 6¢ the impact of the calcium chloride
dosage on the COD and lignin removals from a TMP pressate are shown. The results
indicate that as the dosage of calcium chloride increased from 1040 to 2770 mg/kg
CaCl/TMP pressate, the COD and lignin removals increased from 6.1% to 20.8% and
20.8% to 30.8%, respectively.

Previous studies have reported that lime and precipitated calcium carbonate
removed 10% to 16% of lignin from hydrolysis liquor (Saeed et al. 2012b; Fatehi et al.
2013). Overall, calcium containing compounds have acted as coagulants and improved
lignin and COD removals from the TMP pressate. The higher calcium content of the sample
was found to contribute to the higher lignin and COD removals (Fig. 6¢). Therefore, the
reason for the deviation in the results for the fly ash with the largest particle size may be
its slightly higher calcium content (3.4%) than that of the other samples (2.5% to 2.8% in
Table 2).
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Fig. 6. The impact of potassium chloride dosage (a) and calcium chloride dosage (b) on the chord
length distribution of a TMP pressate. (c) The impact of calcium chloride dosage on the COD and
lignin removals of a TMP pressate. (Treatment conditions: 200 rpm, pH 12.5, and 298K for 30 min).

Impact of the Particle Size

To determine the impact of the particle size on the lignin and COD removals at a
constant fly ash composition, an isotherm analysis was performed on F4, F4S, FAM, and
Fo4, which had particle size ranges of 0.037 nm to 0.074 mm, 0.105 nm to 0.149 mm, 0.250
nm to 0.297 nm, and 0.420 nm to 0.841 nm, respectively. Figure 7 shows the calculated
maximum adsorption capacity of these fly ash samples for the lignin and COD. The
estimated Freundlich adsorption capacity for the lignin by F4, F4S, FAM, and Fo4 was 270
mg/g, 175 mg/g, 124 mg/g, and 230 mg/g, respectively (Table 4). Furthermore, the
estimated Freundlich adsorption capacity for the COD by F4, F4S, F4M, and Fo4 was 170
mg/g, 116 mg/g, 64 mg/g, and 103 mg/qg, respectively (Table 4). Except for the largest
fraction, the results suggested that the lignin and COD removals increased as the particle
size of the biomass-based fly ash decreased. As was stated previously, the chemical
compositions of the fly ash played an important role in the lignin and COD removals. The
higher calcium content of the sample was found to contribute to the higher lignin and COD
removals (Fig. 6¢). Therefore, the reason for the deviation in the results for the fly ash with
the largest particle size may be its slightly higher calcium content (3.4%) than that in the
other samples (2.5% to 2.8% in Table 2). Higher adsorption with smaller particle is
generally due to the large surface area of particles (Kara et al. 2007). However, it is not the
case in this study since the surface area of F4, F4S, F4M, and Fo4 were different, but they
had a similar pore volume (Table 3). This is probably caused by the higher accessibility
and availability of adsorption sites on fly ash samples with small particle sizes.
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Fig. 7. Comparison of the maximum adsorption capacity and the particle size ranges of the fly
ash samples; the fly ash samples were F4, F4S, F4AM, and Fo4, which corresponded to the
particle size ranges of 0.037 nm to 0.074 mm, 0.105 nm to 0.149 mm, 0.250 nm to 0.297 nm, and
0.420 nm to 0.841 nm, respectively.

Adsorption Mechanism

The mechanism of lignocellulose adsorption on fly ash was proposed as shown in
Fig. 8. When fly ash was added to TMP pressate, the soluble metal components present on
fly ash particles dissolved in water, leading to an increase in the pH of the solution and
complexion between metals and lignocellulose.
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Fig. 8. Proposed mechanism of adsorption of lignin on fly ash
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The lignocellulose would be removed by either direct adsorption of lignocellulose
onto fly ash surface or the adsorption of formed metal-organic complex. The adjustment of
solution pH to acidic could enhance the lignin removal probably due to less solubility of
lignin under acidic conditions (due to protonation of carboxylate and phenolate groups).
For fly ash with the same particle size, the metal content would significantly contribute to
the lignin and COD removals by complexion, while surface area and pore volume would
insignificantly impact its adsorption capacity. At a constant elemental composition, fly ash
with small particle sizes exhibit higher adsorption capacity than that with large particle
sizes.

Practical Applications

The results of this study showed that the particle size and elemental compositions
of the fly ash noticeably impacted its adsorption performance. Grinding generally reduced
the particle size of the fly ash, but it did not necessarily increase its surface area, as fly ash
contained unburned porous biomass, and the mechanical grinding might not substantially
increase its surface area. The mechanical grinding might not improve the adsorption
capacity of fly ash. The elemental compositions of fly ash can be varied if they are
fractionated, as the large fly ash was usually carbonaceous, while the small fly ashes
contained inorganic compounds (i.e., metallic compounds). As fractionation impacted the
elemental compositions of the fly ash and different elements had different adsorption
tendencies, this process might provide a pathway to control the properties of fly ash for
achieving the desired adsorption performance. Therefore, fractionation rather than grinding
could be used for producing fly ash with the desired properties in terms of small particle
size and high metal content as an effective adsorbent for TMP pressate.

CONCLUSIONS

1. It was determined that the COD and lignin removals from a TMP pressate with
fractionated fly ash samples followed the Freundlich isotherm models. Under the
conditions of 298 K, a pH of 6, 100 rpm, and 24 h, the highest estimated Freundlich
adsorption capacity for lignin in the TMP pressate was 149 mg fly ash/g TMP pressate,
which was obtained with the fly ash with the highest metals content (29.1 wt.%).

2. The greatest estimated Freundlich adsorption capacity for the COD in the TMP pressate
was determined to be 204 mg fly ash/g TMP pressate for fly ash sample F3 under the
conditions of 298 K, a pH of 6, 100 rpm, and 24 h. This fly ash had a slightly lower
metals content (24.6 wt.%).

3. The results showed that the ionic strength of the fly ash/TMP system did not have a
noticeable effect on the adsorption. Furthermore, the metals content of the biomass-
based fly ash, specifically potassium and calcium, had a remarkable effect on the Kr
values for the lignin and COD adsorption.

4. For the fly ash samples with similar compositions, the particle size had an important
impact on the adsorption capacity of the fly ash. Fractionation might be a viable method
to produce fly ash with the desired adsorption properties.
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