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A B S T R A C T   

The recovery of softwood galactoglucomannans (GGM) by pressurized hot water extraction and further con
centration by membrane filtration followed by spray drying yield biopolymers suitable as raw materials for 
renewable products. GGM are often characterized as having low viscosity in water and excellent emulsion sta
bilizing capacity, enhanced by lignin structures co-extracted with GGM. To reduce membrane fouling during 
filtration and subsequently to increase product yield, the pH and temperature of GGM liquor can be increased, 
but effects of such conditions on properties of recovered GGM have not been well understood. Herein, we sys
tematically varied the ultrafiltration pH (6− 10) and temperature (30–60 ◦C) and characterized the composition 
and physicochemical properties of spray-dried GGM powders in comparison with freeze-dried (fGGM) and 
ethanol precipitated GGM (eGGM). The GGM samples ultrafiltrated at 60 ◦C and pH 10 (GGM-10/60) showed 
lower molar mass (2200 Da), degree of acetylation (0.09) and absolute ζ-potential (13 mV) than the other 
ultrafiltrated samples at pH (6− 10) and temperature (30–45 ◦C) (3200–3700 Da, 0.11–0.15 and 23–32 mV, 
respectively). These differences could explain the unique gel formation capacity of GGM-10/60 after ultra
sonication, which opens new prospects in GGM applications such as thickening agents or in 3D printing. The 
present results allow the design of biorefinery processes to obtain GGM with desirable properties for specific 
applications.   

1. Introduction 

Wood is the most abundant source of lignocellulosic biomass on 
Earth. About 4.8% of the wood biomass produced each year is utilized 
by humans (Liu et al., 2012). To increase the sustainability of forest 
industries, it is necessary to develop economic valorization of all 
lignocellulosic fractions, including hemicelluloses. Gal
actoglucomannans (GGM) are the main hemicelluloses in softwoods (e. 
g., spruce), accounting for 14–20% of wood dry mass (Willför et al., 
2005). They are branched polysaccharides consisting of glucopyranosyl 
and mannopyranosyl units in the backbone linked by β-(l → 4) bonds, 
and galactopyranosyl units as side groups connected by α-(1→ 6) bonds. 

The backbone units are partially acetylated at C-2 and C-3 positions with 
a degree of acetylation of 0.28–0.37 (Willför et al., 2008). GGM can be 
either recovered from the pulp and paper mill waste-streams (Persson 
and Jönsson, 2010; Steinmetz et al., 2019; Méndez et al., 2022), or 
extracted from sawdust, woodchips or wood barks using heat fraction
ation (Lundqvist et al., 2003), steam explosion (Chadni et al., 2019a), 
high voltage electrical discharge (Chadni et al., 2019b), and pressurized 
hot water extraction – PHWE (Song et al., 2008, 2011a, 2011b, 2012). 
The extracted GGM can replace fossil-based materials in the production 
of highly value-added products such as hydrocolloids, emulsion stabi
lizers, and barrier films for many applications in food, pharmaceutical, 
and cosmetic industries (Kirjoranta et al., 2020; Mikkonen, 2020; 
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Mikkonen et al., 2010; Valoppi et al., 2019; Willför et al., 2008). 
Besides GGM, the spruce extracts contain other components such as 

lignin and its degradation products, monosaccharides, organic acids, 
and lipophilic wood extractives (Mänttäri et al., 2015). The total solid 
content in the PHWE GGM extracts is very low, about 1.8% (w/w) (Al 
Manasrah et al., 2012). Therefore, further concentration and purifica
tion steps such as membrane filtration, to separate GGM from other 
compounds and concentrate the GGM extracts, are required before the 
GGM extracts can be further processed into high-value products. How
ever, the fouling taking place during membrane filtration, especially 
with most commercially available hydrophobic membranes, reduces the 
permeate production rate and increases the complexity of the membrane 
filtration operation, consequently increasing the operating cost and 
reducing GGM yield (Persson and Jönsson, 2010). To reduce the fouling 
during the membrane filtration of wood hydrolysates, previous studies 
have focused on the pretreatment of starting materials, membrane se
lection and modification, and the optimization of processing conditions 
such as membrane pore size and filtration flow rate and pressure (Al 
Manasrah et al., 2012; Koivula et al., 2011, 2013, 2015; Mänttäri et al., 
2015; Strand, 2016; Thuvander and Jönsson, 2016; Gönder et al., 2011). 
Wood hydrolysates obtained by PHWE are acidic (pH ≈ 3.3–3.8), and 
increasing their pH during membrane filtration has been used to reduce 
membrane fouling. Koivula et al. (2011) found that increasing the pH of 
birch and spruce hydrolysates from 3.3 to 7–8 markedly reduced the 
fouling of regenerated cellulose membrane. Similarly, Gönder et al. 
(2011) observed the significantly reduced membrane fouling at pH 10 
compared to pH 4 and pH 7 during nanofiltration of pulp and paper 
wastewater. The reduced fouling during membrane filtration at high pH 
is the result of the increased strength of electrostatic repulsion forces 
between the negatively charged components of the effluent and the 
negatively charged membrane surface, which inhibits the adsorption of 
solutes onto the membrane surface. In addition, increasing pH leads to 
the conversion of some carboxylic acids to salts, decreasing their ability 
to form hydrogen bonds with the lignin; and the increase of the solu
bility of numerous colloidal materials such as phenolic compounds, 
thereby increasing their filterability and decreasing their adhesion to the 
membrane surface (Bokhary et al., 2018). 

Process water from the forest industry and/or wood hydrolysates 
typically have a high temperature, thus membrane filtration is typically 
also operated at high temperatures. However, membrane fouling was 
found to be more severe at higher temperatures than that at lower 
temperatures. Filtration at higher temperatures increases the amount of 
solutes that can easily pass, resulting in plugging within the expanded 
pores and membrane surface (Al-Rudainy et al., 2017; Gönder et al., 
2011). Alkaline conditions combined with high temperatures can induce 
structural changes, like removal of acetyl groups and the hydrolysis of 
glycosidic bonds in GGM (Al Manasrah et al., 2012; Garrote et al., 2001; 
Mänttäri et al., 2015; Willför et al., 2008). These changes significantly 
affect the molar mass and physicochemical properties of GGM (e.g., 
mechanical properties, solubility, and viscosity), and consequently their 
functionality and applicability (Hannuksela et al., 2004). For example, 
the removal of acetyl groups can lead to reduction in GGM solubility and 
increase their elastic characters. This may also allow for polymer coils to 
interact with each other and form entanglements or to form stronger 
interactions with other polymers (Xu et al., 2008). 

Despite the importance of the concentration step after extraction, a 
systematic investigation of the effects of ultrafiltration pH and temper
ature on characteristics of recovered GGM is lacking. The present work 
aimed to study the effects of ultrafiltration conditions on the composi
tion and physiochemical properties of GGM powders. GGM was first 
extracted from sawdust by using PWHE (Kilpeläinen et al., 2014). The 
extracted GGM liquor was then concentrated by membrane ultrafiltra
tion at three levels of pH (6, 8 and 10) and temperatures (30, 45 and 
60 ◦C), and the ultrafiltrated GGM were spray-dried to obtain powders. 
The characterization results were compared to those of GGM powders 
produced by freeze drying and by ethanol precipitation. The results will 

help wood biorefinery companies in tailoring their recovery processes to 
obtain GGM with desirable characters for different applications. 

2. Materials and methods 

2.1. Materials 

Spruce sawdust was extracted with a pressurized hot water flow- 
through system (Kilpeläinen et al., 2014) to obtain GGM. Spruce 
sawdust was collected from Versowood sawmill in Riihimäki, Finland on 
September 1, 2021. After collection, sawdust was stored at − 20 ◦C 
before extraction. A sample of 92.2 kg of fresh sawdust (39.3 kg of dry 
mass) was added into a 300 L reactor. After addition, sawdust was first 
pre-steamed for 10 min with 1.05 kg of 172 ◦C steam. Sawdust was then 
extracted at 170 ◦C with 20 L/min continuous flow for whole 60 min 
extraction time. The pressure during the extraction was 13.5 bar. The 
extract (1042 kg) was collected into an intermediate bulk container 
(IBC) and the pH of the extract was 3.8. Extract’s total dissolved solids 
(TDS) was 0.97% (w/w), indicating 25.7% (w/w) of sawdust was 
extracted. 

Sodium hydroxide (NaOH) used to adjust the pH of GGM extract li
quors was obtained from Merk (Darmstadt, Germany). Ethanol (≥
99.5%, Altia, Helsinki, Finland) was used to produce eGGM via anti
solvent precipitation from spray-dried GGM powders. All chemicals used 
to characterize GGM powders including Folin-Ciocalteu reagents, 
methanol, sodium carbonate, L-cysteine, sulfuric acid, dimethyl sulf
oxide (DMSO), pullulan, gallic acid, sodium monochloroacetate, lithium 
bromide (LiBr), trimethylchlorosilane (TMCS), bis(trimethylsilyl)tri
fluoroacetamide (BSTFA), acetyl chloride, acetyl bromide, acetic acid, 
perchloric acid, hydrochloric acid (HCl), n-heptane, isopropanol and 
pyridine. Standards for sugar analysis include L-arabinose, D-mannose, 
D-galactose, D-glucose, D-xylose and D-sorbitol were obtained from 
Sigma-Aldrich (St Louis, United States). L-Rhamnose monohydrate was 
obtained from Fluka Biochemika (Buchs, Switzerland). Solutions of 
Ultrasil™ 75 (pH 2), 110 (pH 10) and 69 (pH 11) used to clean the 
membrane were obtained from Ecolab (Minnesota, United States). Milli- 
Q water was used as a solvent for all the experiments. 

2.2. Preparation of GGM powders at different ultrafiltration conditions 

2.2.1. Ultrafiltrated GGM powders 
Ultrafiltration experiments were carried out by an Alfa Laval Lab

stak® M20 membrane filtration unit (Alfa Laval Nordic Ltd, Soborg, 
Denmark) using several sets of four Alfa Laval polyethersulfone GR82PP 
flat sheet ultrafiltration-membranes (0.018 m2) with a molar mass cut- 
off 5 kDa. 

The unit consisted of a frequency converter attached to a gear pump, 
feed tank equipped with a heating jacket for automatic temperature 
control, and a membrane stack consisting of support and spacer plates. 
The outlet pressure was controlled manually by adjusting a pressure 
valve. The 7 L aliquots of GGM extract liquors at pH levels of 6, 8 and 10 
(adjusted by using 10 M NaOH) was pumped from a feed tank in which 
the sample was heated to either 30, 45 and 60 ◦C, to the membrane 
module by gear pump that applied trans-membrane pressure in the 
system. During the filtration experiments, the pressure was maintained 
manually in the system at around 9 bars. 

Before use, the membranes were washed in 7 cycles with water and 
all three Ultrasil™ solutions to activate the membrane. The same 
approach was used to wash the membrane after filtration was 
completed. The same set of membranes was used for several ultrafil
tration experiments with cleaning by pure water in-between the exper
iments; however, a new set is used as necessary when the fouling on 
membrane was not removable by simple cleaning, as evaluated by 
physical observation of the membranes condition and comparison of 
pure water flux rate before and after each experiment. Pure water flux 
measurements were carried out before and after each filtration of the 
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GGM extract liquor to detect fouling of the membranes. The concentrate 
was recycled to the feed tank, and the permeate was collected in a 
separate vessel and measured in order to determine the permeate flow, 
and hence, to assess the fouling of the membranes during the ultrafil
tration. After achieving the desired volume reduction, the concentrate 
was collected and spray-dried. 

Ultrafiltrated GGM concentrates were spray-dried at inlet and outlet 
air drying temperatures of 170 and 70 ◦C, respectively (B-290, Buchi 
Labortechnik GmbHDE, Essen, Germany). The instrument was equipped 
with two-fluid spray nozzle (0.7 mm in diameter). Compressed air 
pressure for the nozzle was 6 bar, and its flow rate was 473 L/h. The 
samples were fed into the drying chamber via a peristaltic pump at a 
flow rate of 10–15 mL/min. The aspirator was fixed at 90% which 
corresponds to the flow rate of drying air at 35 m3/h. 

2.2.2. Freeze-dried GGM powders 
The GGM extraction liquor was directly freeze-dried (Alpha 2–4 LD 

plus, Martin Christ, Germany) for 48 h, and then manually ground into 
the powders. 

2.2.3. Ethanol precipitated GGM powders 
The GGM powders produced by spray drying of the extracted GGM 

liquors (without ultrafiltration) were subjected to ethanol-precipitation 
according to the method reported by Song et al. (2013). In brief, aqueous 
solutions of GGM (30% w/w) was added to ethanol (1:8 v/v) and left to 
precipitate overnight. The supernatants were then decanted, and the 
precipitates were filtered and washed with ethanol, and finally vacuum 
oven-dried. 

Table 1 shows a summary of the sample codes of all GGM powders 
and their production conditions. 

2.3. Characterization of GGM powders 

2.3.1. Carbohydrate analysis 
The GGM powders were analyzed for their carbohydrate composi

tions by the standard acid methanolysis method with minor modifica
tions (Laine et al., 2002; Sundberg et al., 1996). Briefly, 10 mg of each 
GGM sample were methanolyzed in 2 mL of the methanolysis reagent (2 
M HCl in dry methanol) at 100 ◦C for 3 h, worked up by adding 100 µL 
pyridine, and diluted to 10 mL in methanol. 600 µL aliquots were then 
silylated at room temperature overnight by TMCS:BSTFA 1:99 (v/v) 
mixture. After dissolution in 1 mL n-heptane, 1 µL sample was injected 
into a gas chromatograph fitted with a flame ionization detector 
(GC-FID) (HP 6890 N, Agilent Technologies, Waldbronn, Germany) 
fitted with a DB-1 column (30 m in length, 0.25 mm in internal diameter, 
0.25 µm of film thickness), and eluted at 20:1 split ratio. The tempera
ture program was as follows: 150 ◦C (3 min) → 186 ◦C (2 ◦C/min) → 
200 ◦C (1 ◦C/min) → 300 ◦C (20 ◦C/min) and at 300 ◦C (1 min). The 
relative amount of arabinose, rhamnose, xylose, glucose, galactose, and 
galacturonic acid were quantified from the flame ionization detector 
signals using standard curves constructed for each monosaccharide and 
sorbitol as an internal standard. The amount of monosaccharides was 
corrected for dehydration (0.88 for pentoses, and 0.9 for hexoses). All 
GGM samples were prepared in triplicates and each replicate was 

analyzed once by GC-FID. 

2.3.2. Degree of acetylation 
The degree of acetylation of the GGM samples were determined by 

alkali hydrolysis followed by enzyme-based quantification. Sample of 
100 mg of GGM sample was hydrolyzed overnight under stirring at room 
temperature by 10 mL 0.1 M NaOH. The mixture was then neutralized 
by HCl 0.83 M and diluted to 25 mL by milli-Q water. A 1 mL aliquot was 
centrifuged at 12,074 g for 20 min (1–14 K centrifuge, Sigma Labor
zentrifugen GmbH, Osterode, Germany), and 50 µL of the supernatant 
was processed using the Acetic Acid Kit (K-ACET, Megazyme, Wicklow, 
Ireland) with separate blanks for each GGM types to compensate for the 
absorption of lignin impurities at 340 nm. The degree of acetylation (DA) 
was calculated using the following equation (Eqs. (1) and (2)) (Xu et al., 
2010): 

DA =
MH × %acetyl

(
Macetyl × 100

)
−
(
Macetyl − 1

)
× %acetyl

(1)  

where MH is the molar mass of anhydrohexose unit (162 g/mol), Macetyl 

is the molar mass of acetyl unit (CH3CO, 43 g/mol), and %acetyl is the 
acetyl content by weight corrected to the mannose and glucose content 
as only the backbone is acetylated: 

%acetyl =
100

%Man+Glc
× %acetyl,calc (2)  

where %Man+Glc is the combined mannose and glucose content per 100 g 
sample and %acetyl,calc is the acetyl content calculated from the 
measurements. 

2.3.3. Molar mass analysis 
The molar mass of the GGM powders was estimated by size-exclusion 

chromatography (SEC) using 0.01 M LiBr in DMSO as the solvent. The 
SEC measurements were conducted on GPCMax (Viscotek Corp, Hous
ton, USA) with Jordi xStream GPC column (Jordi Labs, Mansfield, USA). 
The column was kept at 60 ◦C during the measurements. 2 mg/mL of the 
samples were dissolved in the solvent, filtered using a 0.45 µm syringe 
filter (Acrodisc 13 mm minispike wwPTFE, Pall Corp, Michigan, USA), 
and injected (100 µL) into the column. Each sample was eluted at a flow 
rate of 0.8 mL/min, and the peaks were detected and analyzed by the 
refractive index (RI, at 40 ◦C), ultraviolet (UV, 280 nm) and right-angle 
light scattering (RALS, 90◦, 670 nm) detectors. Weight-average (Mw) 
and number-average (Mn) molar mass values were estimated by a pul
lulan calibration curve (342, 5900, 11,800, 22,800, and 113,000 g/mol) 
using signals from the RI detector. 

2.3.4. Lignin content 
The lignin content of the GGM powders was determined using the 

cysteine-assisted sulfuric acid method (Lu et al., 2021) with several 
modifications. 5–10 mg of the GGM powders were weighed in glass re
action vials and mixed with 1 mL of the stock cysteine solution 
(0.1 g/mL L-cysteine dissolved in 72% sulfuric acid). The mixture was 
then stirred at room temperature for 1 h, after which the content was 
transferred to a 50 mL volumetric flask and diluted with Milli-Q water. 
5 mL aliquot of the sample was then further diluted to 10 mL in a 
volumetric flask with Milli-Q water, and the absorbance was measured 
against a reaction blank (i.e., sample-free reagent that was diluted in the 
same regime as the samples) using a UV-spectrophotometer at 283 nm 
(Shimadzu UV-1800, Shimadzu Corp., Kyoto, Japan). The lignin content 
was determined by extrapolating the absorbance value to a calibration 
curve of lignin standard and corrected by the recovery rate of a standard 
lignin sample. 

2.3.5. Total phenolic content 
The total phenolic content (TPC) of GGM powders was determined 

using the Folin-Ciocalteu method (Halahlah et al., 2023). In brief, 

Table 1 
The sample codes of all investigated GGM samples and their production 
conditions.  

Sample codes Production conditions 

fGGM Freeze-dried GGM liquor 
eGGM Ethanol-fractionated spray-dried GGM powder 
GGM-6/30 Spray drying of GGM extract ultrafiltrated at pH 6/30 ◦C 
GGM-10/30 Spray drying of GGM extract ultrafiltrated at pH 10/30 ◦C 
GGM-6/60 Spray drying of GGM extract ultrafiltrated at pH 6/60 ◦C 
GGM-10/60 Spray drying of GGM extract ultrafiltrated at pH 10/60 ◦C 
GGM-8/45 Spray drying of GGM extract ultrafiltrated at pH 8/45 ◦C  
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0.02 mL of sample and 0.78 mL of deionized water were mixed with 
0.05 mL of Folin-Ciocalteu reagent. After exactly one minute, 0.15 mL of 
20% sodium carbonate was added, and the mixture was allowed to react 
in the dark for 60 min at room temperature. Total polyphenol content 
was determined by constructing a calibration curve using gallic acid as a 
standard at concentrations ranging from 0.05 to 0.5 mg/mL (R2 = 0.99) 
and measuring sample absorbances at 750 nm with a UV-Vis spectro
photometer (Shimadzu UV-1800, Shimadzu Corp., Kyoto, Japan). The 
results were presented in mg of gallic acid equivalent (GAE) per g of 
powder. 

2.3.6. Pyrolysis gas chromatography mass spectrometry (Py-GC-MS) 
The lignin content and the composition of monolignols were evalu

ated using EGA/PY-3030D Multi-functional Pyrolyzer (Frontier Labo
ratories Ltd, Japan) connected to a GCMS-QP2010 SE GC-MS 
(Shimadzu, Japan). The equipment details and settings, which were 
applied with slight modifications, have been described earlier 
(Kynkäänniemi et al., 2022) in addition to the suitability of the analysis 
method for GGM powders (Lahtinen et al., 2019). The sample size used 
was 120–150 µg, which was weighed directly in the 80 µL analysis cup. 
The pyrolysis was performed at 580 ◦C for a duration of 12 s. The in
jection was performed using a split mode and a ratio of 1:25. The GC 
separation was performed as described before (Kynkäänniemi et al., 
2022). The pyrolysis products were identified based on the National 
Institute of Standards and Technology (NIST) database. Chromatograms 
were processed using the GCMSsolution software (Shimadzu, Japan), 
which was used to integrate 70 peaks for each chromatogram. The 
evaluated amount of lignin was based on the areas of guaiacol de
rivatives (i.e., guaiacyl units). 

2.3.7. ζ-potential 
The ζ-potential of GGM powders was determined by the dynamic 

light scattering technique using a Zetasizer Nano-ZS Zen 3600 (Malvern 
Instruments Ltd., Worcestershire, UK) equipped with a laser (4 mW, 
632.8 nm) and backscatter detection at 173◦ to minimize the influence 
of multiple scattering. Folded capillary cells DTS1070 (Malvern Pan
alytical Ltd., Malvern, UK) were used at 25 ◦C. Each sample were 
measured at least three times, with 15 − 30 runs per measurement. 
Aqueous solutions (10% w/w) of GGM powders were prepared by 
magnetic stirring (600 rpm) and left for stirring overnight (~15 h) at 
room temperature (22 ◦C) to achieve maximum dissolution. GGM so
lutions were diluted by 1000 times in Milli-Q before measurements. 

2.3.8. Ultrasonication 
Aqueous solutions of GGM (10%, w/v) were ultrasonicated utilizing 

a Branson 450 W digital sonifier (Branson, Danbury, CT, USA). The in
strument operated at a constant frequency of 20 kHz and was equipped 
with a cylindrical titanium alloy probe (12.70 mm in diameter) that was 
immersed to the same depth within the solution vials. The experiments 
were conducted at an amplitude level of 30% for 5 min and these pa
rameters were chosen based on preliminary experiments (Halahlah 
et al., 2022). To maintain a stable temperature during ultrasonication, 
the samples were immersed in an ice bath. The possible gelation of GGM 
samples were visually observed and monitored over one week at room 
temperature. 

2.3.9. Scanning electron microscopy 
Morphology of GGM powders was determined using field emission 

scanning electron microscope (FESEM, S-4800, Hitachi, Tokyo, Japan). 
The powders were fixed on the double carbon tape which was pre- 
attached on the metallic specimens (stubs). The fixed samples were 
then coated with gold/palladium at a thickness of 4 nm for two cycles 
using a high resolution sputter coater (208HR, Cressington Scientific 
Instruments, Watford, UK). The coated samples were observed under 
FESEM at an accelerating voltage of 10 kV, an emission current of 10 μA, 
a working distance of 10 mm, and magnification of 1000X. 

2.3.10. X-ray diffraction 
Structure of GGM powders was evaluated by X-ray powder diffrac

tion (XRPD) using Empyrean Alpha 1 X-ray diffractometer (Malvern 
Panalytical, Malvern Worcestershire, UK). The samples were packed 
into plastic sample holders and wrapped by kapton tape (Elgood Ltd., 
Vantaa, Finland). The measurements were performed using copper ra
diation (λKα1 = 1.541 Å) at a current of 40 mA, voltage of 45 kV, and an 
angular range of 2θ = 3–70◦ with step size of 0.01◦ per second. 

2.3.11. Differential scanning calorimetry (DSC) 
The thermal properties of GGM powders were determined using a 

differential scanning calorimeter (DSC-30, Mettler-Toledo, Greifensee, 
Switzerland). An approximately 8–10 mg sample was weighed in a 40- 
µL aluminium pan, hermetically sealed, and scanned from 25◦ to 200◦C 
at a heating rate of 5 ◦C/min. To prevent water condensation, the 
measurement cell was flushed with flowing nitrogen gas. De
terminations of baseline changes in the heat flow signal, associated with 
glass transition temperature (Tg), were characterized by the onset and 
peak temperatures. The melting temperature was determined by the 
prominent endothermic peaks (Tm). The experiments were carried out in 
triplicate. 

2.4. Experimental design and data analyses 

One-way ANOVA accompanied by post-hoc Tukey’s test was con
ducted to distinguish the differences in the mean values of the results 
from different treatments. The data were evaluated for the normal dis
tribution by analyzing the residuals. The analysis was carried out with 
JMP™Pro 13 (SAS Institute, Cary, USA) at a 95% confidence level. 

To study the effects of ultrafiltration pH (6, 8, and 10) and temper
atures (30, 45, and 60 ◦C) on properties of spruce GGM powders, a 22 

experimental design added with one central point was employed, 
totalling five assays run in triplicate in a random order to avoid carry- 
over effects. Response surface methodology was used to analyze tripli
cate data to generate second-order multiple regression models (Eq. (3)) 
for each response variable (x1 = pH; x2 = temperature): 

E(y) = β0 + β1x1 + β2x2 + β3x1x2 (3) 

Regression coefficients were regarded as significant when p < 0.10 
and the fitting of the models was assessed through the coefficient of 
determination (R2) and by the adjusted R2 values, as outlined elsewhere 
(Willemann et al., 2020) and the ± 95% confidence intervals for the 
regression coefficients were calculated using the TIBCO Statistical v. 
13.3 (TIBCO Ltd, Tulsa, OK, USA) software. 

3. Results and discussion 

Ultrafiltration of GGM liquor was conducted at varied combinations 
of pH and temperature. Membrane fouling was observed by the gradual 
reduction in rate of flux over a short time after commencing the process 
and by visually observing the membrane after the process was 
completed. Membrane fouling was more apparent at high temperature 
(60 ◦C). Severe membrane fouling occurred at 60 ◦C, when combined 
with a high pH (10), leading to membrane compression which resulted 
in a highly reduced permeate rate and an increase in the time and 
complexity of the membrane filtration operation. However, 4–6 L of 
permeate was still successfully separated at all conditions, and 1–2 L of 
retentate was collected for spray drying and further analysis. 

3.1. Carbohydrate composition 

Chemical analyses were conducted to determine the effect of mem
brane filtration conditions on the structure of the recovered GGM. As 
indicated in Table 2, the carbohydrate composition of GGM powders 
ultrafiltrated at various conditions of pH and temperature were not 
significantly different from each other (p > 0.05). Mannose, glucose, and 
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galactose were the dominating monosaccharides, confirming that the 
fractions collected were composed primarily of GGM. The presence of 
xylose and arabinose suggested that arabinoxylans, the second most 
abundant hemicelluloses in spruce wood, were co-extracted along with 
GGM. Ultrafiltration appeared to have significantly reduced the amount 
of xylose and arabinose as compared to those of fGGM. This was 
consistent with the findings of Song et al. (2013), who performed 
sequential membrane filtration of GGM using membranes with pro
gressively smaller molar mass cut-off values. They found that the 
arabinose and xylose content of the retained polysaccharides increased 
as the filtration progressed to membranes with lower molar mass cut-off 
values. This indicates that the arabinoxylan fraction tend to be shorter 
than the GGM itself and thus will pass more easily through the mem
brane instead of being retained. The general increase in xylose, 
mannose, galactose, and glucose content per 100 g mass of the extract in 
eGGM could be attributed to the more concentrated polysaccharide 
content following partial lignin removal, as the same amount of extract 
would have more polysaccharide and less lignin after precipitation. In 
comparison, Thuvander and Jönsson (2016) found that the mono
saccharide composition in the retentate during ultrafiltration of TMP 
GGM is dependent on the type of membrane, and the presence of large 
components such as suspended solids and colloidal extractives prevent 
the separation of GGM from low molar mass monosaccharides. 

3.2. Degree of acetylation 

Native GGM is acetylated and contains acetyl groups in every second 
mannose unit with the DA of 15–20% (Lahtinen et al., 2019). A portion 
of the acetyl groups are removed during PHWE process to the extent 
dictated by the duration and extraction temperature (Song et al., 2008), 
which suggested that the conditions of any post-extraction treatments 
might also influence the DA. The acetylation is susceptible to hydrolysis 
in alkali condition (Li et al., 2014; Wang et al., 2011). As shown in Fig. 1, 
among ultrafiltrated GGM samples, GGM-10/60 samples had the lowest 
DA, followed by GGM-10/30 samples. Both GGM-10/60 and GGM-10/30 
samples had lower DA values than fGGM samples while the other 
ultrafiltrated GGM samples had higher DA values than fGGM samples. 
These results indicated that ultrafiltration at high pH induced the 
deacetylation of GGM, which was accelerated by higher temperature. 
The eGGM powders had similar DA to that of GGM-10/60; the fraction 
with a higher DA might have associated more with the ethanol-soluble 
fraction and hence was removed during precipitation process. 

3.3. Molar mass 

Molar mass was determined to evaluate the effect of membrane 
filtration conditions to the size of the recovered GGM. As shown in 
Table 2, GGM-10/60 powders had a molar mass of 2200 Da, which was 
lower than that of the other ultrafiltrated GGM samples 
(3200–3700 Da). Ultrafiltration at pH 10 and 60 ◦C possibly induced the 
degradation of GGM molecules due to harsh conditions. Xu et al. (2007) 
reported that increasing the temperature above 37 ◦C can cause a 
degradation of GGM structure, and the molar mass of GGM decreased 

considerably with treatment time at temperatures above 60 ◦C. The 
ultrafiltrated GGM powders other than GGM-10/60 had the molar mass 
similar to that of fGGM powders, but smaller than that of eGGM pow
ders. The molar mass distribution of PHWE GGM is known to be highly 
disperse as reflected from the dispersity value (Table 2) and the SEC 
chromatograms (Fig. S1); however, the fraction with a higher molar 
mass is insoluble in ethanol, thereby shifting the average molar mass 
value of the ethanol precipitated fraction to a higher value (Carvalho 
et al., 2020). This trend was not only observed for PHWE GGM but also 
for TMP GGM (Zasadowski et al., 2014; Xu et al., 2007). 

3.4. Total phenolic and lignin content 

In addition to GGM, the PHWE spruce extracts contain residual 
phenolic compounds, mainly lignin, that may significantly contribute to 
the functionality of the concentrated extracts (Lahtinen et al., 2019). 
The results of the two complementary analyses, TPC and lignin content, 
were in good agreement (Fig. 2). The ultrafiltrated GGM powders had 
TPC in the range of 54–63 mg GAE/g, which is similar to that of 
spray-dried GGM powders reported by Mikkonen et al. (2019). Mean
while, their lignin content was between 14 and 16 mg/100 mg powder, 
which is also similar to previously reported values (Ho et al., 2022). 
These values are significantly lower than that of fGGM powders, sug
gesting that ultrafiltration removed portions of phenolic compounds, 
and the removal was slightly enhanced by increasing ultrafiltration 
temperature. However, the variations between the ultrafiltrated GGM 
samples were not significantly different (p > 0.05). According to 
Al-Rudainy et al. (2017), the high retention of GGM and lignins 
(phenolic compounds) in the ultrafiltration might have resulted from the 

Table 2 
Carbohydrate composition (g/100 g powder, average value ± standard error), weight-average molar mass and dispersity of GGM powders. Refer to Table 1 for sample 
codes.  

Samples Arabinose Rhamnose Xylose Mannose Galactose Glucose Weight-average molar mass (Mw, Da) Dispersity (Mw/Mn) 

fGGM 5.6 ± 0.3c 0.3 ± 0.4b 13.6 ± 0.4c 44.5 ± 1.2aab 8.4 ± 0.2bc 12.5 ± 0.2b  3200  2.8 
eGGM 0.3 ± 0.2d 0.4 ± 0.3a 12.3 ± 0.3bc 59.3 ± 1.3c 9.3 ± 0.2b 16.8 ± 0.4c  4300  2.6 
GGM-6/30 2.1 ± 0.2a n.d. 10.9 ± 0.1ab 44.0 ± 2.5ab 7.6 ± 0.3c 12.4 ± 0.7ab  3400  2.8 
GGM-10/30 2.0 ± 0.0a n.d. 10.2 ± 0.2a 42.7 ± 0.7ab 7.2 ± 0.2ac 12.0 ± 0.3ab  3400  2.7 
GGM-6/60 3.0 ± 0.4b n.d. 10.3 ± 0.4a 36.4 ± 0.5a 6.8 ± 0.2ac 10.4 ± 0.2ab  3700  2.5 
GGM-10/60 1.9 ± 0.3ab n.d. 10.2 ± 1.2a 42.1 ± 5.1a 7.0 ± 0.8ac 11.9 ± 1.5ab  2200  2.2 
GGM-8/45 2.0 ± 0.1a 0.4 ± 0.3a 11.2 ± 0.2a 44.9 ± 3.1a 7.6 ± 0.4ac 12.6 ± 0.6ab  3200  2.7 

n.d. = not detected. Sample means with different letters in the same column are significantly different (p < 0.05). 

Fig. 1. Degree of acetylation of GGM powders. Refer to Table 1 for sam
ple codes. 
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formation of a cake/gel layer on the membrane and not by the mem
brane itself. Such layer can cause compaction of the membrane which 
can lead to lower the flux through the membrane. This can explain for 
the lower TPC of ultrafiltrated GGM samples as compared to fGGM 
samples (79 mg GAE/g). eGGM samples had the lowest TPC (27 mg 
GAE/g) and lignin content (5.6 mg/100 mg powder), as ethanol pre
cipitation removes part of the lignin and thus phenolic compounds 
(Mikkonen et al., 2019). 

3.5. Py-GC-MS 

We have earlier found that Py-GC-MS is a practical semiquantitative 
method for the estimation of lignin content and composition in hemi
cellulose materials (Lahtinen et al., 2019). When comparing the total 
amount of guaiacyl units (G-units, i.e., methoxyphenol), Lignin-G-tot, 
which was used to estimate the content of lignin, the amount was on a 
similar magnitude with lignin content obtained from cysteine-assisted 
sulfuric acid (CASA) method (Lu et al., 2021) (Table 3). The CASA 
method, on the other hand, correlates with the Klason method, giving 
further evidence that Py-GC-MS is useful for the semiquantitative 
analysis of lignin residues in polysaccharides. For a more reliable result, 
the other aromatic fragments, which can originate from carbohydrates, 
were not taken into account (Bausch et al., 2021). When considering 
each produced fragments separately, the amount of guaiacol varied 
between the different samples. There seemed to be a linear correlation 
between the ultrafiltration pH and the amount of guaiacol (R2 = 0.959, 
n = 5). This result indicated some differences in the chemical structures 
of lignins between the ultrafiltrated samples. However, further 

investigations such as nuclear magnetic resonance spectroscopy are 
required to understand these differences in detail. 

3.6. ζ-potential 

The ζ-potential of GGM samples was determined to evaluate their 
colloidal properties. As indicated in Fig. 3, the ζ-potential values of all 
investigated GGM powders were negative. The sources of charges could 
be uronic acid residues and coextracted phenolic compounds linked 
naturally to GGM (Bhattarai et al., 2020). As uronic acid residues were 
not detected in quantifiable amounts in our analysis, the variations of 
ζ-potential is more likely to have resulted from the changes occurring to 
the co-extracted phenolic residues. Given that the lignin analysis showed 
non-significant differences of the lignin content for ultrafiltrated GGM 
powders (Fig. 2a), variations might have arisen due to the altered mo
lecular structure of the lignin residues, which may have been caused by 
the different ultrafiltration conditions. This hypothesis is supported by 

Fig. 2. Total phenolic content (a), and lignin content (b) of GGM powders. The data are shown in means ± standard error (n = 3) and means with different letters in 
the same graph indicate significant differences at p < 0.05. Refer to Table 1 for sample codes. 

Table 3 
Py-GC/MS analysis of GGM powders. The results are presented as peak areas (%) 
of all various G-units and their sums for each sample.  

Samples Lignin- 
G-tot 

Guaiacol 2-Methoxy-4- 
vinylphenol 

Creosol Vanillin 

Retention 
times (min)    

7.57  10.89  9.13  12.09 

fGGM  26.36  2.18  2.70  1.79  2.08 
eGGM  2.64  0.56  0.73     
GGM-6/30  18.06  3.72  2.21  1.49  1.11 
GGM-10/30  19.25  4.83  2.21  1.49  1.53 
GGM-6/60  20.59  3.46  2.60  1.72  1.66 
GGM-10/60  18.85  5.05  2.54  1.09  1.42 
GGM-8/45  19.31  4.42  2.10  1.84  1.16  

Fig. 3. ζ-potential of GGM powders. The data are shown in means ± standard 
errors (n = 3) and means with different letters indicate significant differences at 
p < 0.05. Refer to Table 1 for sample codes. 
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Fig. 4. Photos illustrating the gelation of GGM-10/60 samples after 2 h of ultrasonication and non-gelation of the other ultrasonicated GGM samples over 1 week of storage at room temperature.  
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the differences in Py-GC-MS analysis, where differences in formed 
guaiacol might have arisen during the degradation process (Table 3). 
Furthermore, differences in the degree of acetylation could have altered 
the folding behavior of the GGM, altering the charge distribution on the 
surface of GGM particles in the different samples. GGM-10/60 samples 
had significantly lower absolute ζ-potential (13 mV) than that of the 
other ultrafiltrated samples (23–33 mV) (p < 0.05). This value is similar 
to that of eGGM despite their significant differences in the content of 
lignin and phenolic compounds (Fig. 2). 

3.7. Effect of ultrasonication 

The GGM solutions were treated by ultrasonication to alter their 
solubility and monitor possible changes in their consistency. After 
ultrasonication, gel formation from GGM-10/60 was visually observed 
after 2 h, while the other GGM samples did not form gels even after 
being stored for over a week at room temperature after the sonication 
treatment (Fig. 4). This is the first time that gelation has been observed 
for PHWE GGM, and also quite unique given the low average molar mass 
value of PHWE GGM compared to TMP GGM. As such, this observation 
might indicate an enhanced intermolecular interaction that was not 
observed previously for PHWE GGM, which could have arisen from a 
number of factors. Firstly, GGM-10/60 had the lowest DA compared to 

the other samples. It has been previously discovered that the viscosity of 
deacetylated TMP GGM solutions was higher than that of the acetylated 
ones due to the intermolecular associations occurring after the removal 
of acetyl groups (Xu et al., 2007). Similarly, acetyl groups were found to 
be the main hindrance of the GGM molecules from becoming close to 
each other and forming packing lattice (Xu et al., 2008). It was therefore 
plausible that the lack of acetylation enhances the intermolecular 
interaction between the GGM molecules to the point of gelation. Sec
ondly, the low absolute ζ-potential value of GGM-10/60 indicated a 
weaker electrostatic repulsion among the different GGM samples, which 
could lead to higher degree of agglomeration (Vallar et al., 1999). 
However, eGGM did not undergo gelation despite having similar DA and 
ζ-potential values, which indicate that the lignin content is also crucial 
in the gelation. Therefore, we propose that the combination of low DA, 
low ζ-potential value, and high lignin content is the major driving force 
behind the gelation process. 

Additionally, we also noticed that a high-energy treatment of the 
GGM solutions is necessary in order to trigger the gelation process, as a 
simple overnight stirring did not cause the samples to gel. Previous 
studies on PHWE GGM indicated a higher viscosity at 12% (w/w) and 
the formation of shear-sensitive colloidal aggregates over time, implying 
that PHWE GGM has the natural tendency to associate even without 
forming gels (Mikkonen et al., 2016; Bhattarai et al., 2020). We 

Fig. 5. X-ray diffraction (a) and scanning electron microscopy (b) of GGM powders. Refer to Table 1 for sample codes.  
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therefore hypothesize that the shear forces generated by cavitation 
bubbles formed during ultrasonication facilitated the gel formation by 
breaking the GGM aggregates in the solution, which then enabled the 
fragments to re-aggregate in a different manner and form a gel network. 
It is well known that the cavitation bubbles generated by ultrasonication 
can produce shear forces powerful enough to break covalent bonds 
(Amiri et al., 2018). Nevertheless, this hypothesis requires further 
characterization of the GGM solution before and after gelation to further 
clarify the gelation mechanism. Particularly, understanding the supra
molecular structure of PHWE GGM before and after gelation, as well as 
whether the gelation involves the formation of new covalent bonds that 
act as intermolecular bridges between the GGM molecules. 

3.8. X-ray diffraction and scanning electron microscopy 

Morphological characterization of GGM powders was made to eval
uate the physical properties of the powders. As indicated in Fig. 5(a), 
GGM-6/60 had some degree of crystallinity with two main sharp peaks 
at 2θ = 31.6◦ and 45.4◦ observed on its XRD spectrum while all other 
GGM samples had amorphous structure as their XRD spectra were only 
characterized by a broad peak. The crystallinity of GGM-6/60 is possibly 
due to the effect of lignin on the nucleation growth of crystalline poly
saccharide. It was found that the crystallization of polymers was 
strongly enhanced by the nucleation action of lignin particles (Canetti 
et al., 2006), suggesting that it is possible for lignin to affect the crys
tallization process of GGM. However, the lignin content in ultrafiltrated 
GGM samples was similar and significantly lower than that of fGGM 
powders (Fig. 2), possibly suggesting effects of ultrafiltration pH and 
temperature on crystallization behavior of GGM in the presence of 
lignin. The XRD spectrum of GGM-6/60 is similar to that of alkaline 
lignin obtained from masson pine sulfate pulping liquor by diluting to 
10% (w/w), adjusting pH to 3.0, heating at 50 ◦C for 1 h and filtrating 
(Ye et al., 2017). 

Morphological features shown by SEM images in Fig. 5(b) showed 
marked differences among fGGM, eGGM and ultrafiltrated GGM sam
ples. The fGGM powders had a skeletal-like structure with smooth sur
face; and eGGM powders included particles with cubic, tetragonal and 
triclinic shapes, and there were many clefts on their surface. All ultra
filtrated GGM powders consisted of spherical or oval shape particles 
with dented structure, which are typical characteristics of spray dried 

powders caused by a combination of several factors such as drying rate, 
atomization mechanism, uneven shrinkage at early stages of drying, and 
the viscoelastic properties of the materials (Anandharamakrishnan, 
Ishwarya, 2015). The similarity in the morphology of ultrafiltrated GGM 
powders is due to the same spray drying conditions. The results indi
cated that the morphology of GGM powders is determined by the 
dehydration method instead of ultrafiltration conditions. In addition, by 
rough estimation from SEM images, all ultrafiltrated GGM samples had a 
similar particle size, which was much smaller than that of fGGM and 
eGGM. 

3.9. Differential scanning calorimetry 

The glass transition temperature (Tg) of powders is an important 
property since it impacts the powder stability during long-term storage. 
When amorphous powders are stored at temperatures above their Tg, 
they become rubbery, increasing molecular mobility and the rate of 
physicochemical changes such as collapse, caking, agglomeration, 
browning, and oxidation. As a result, spray-dried powders should be 
kept at temperatures lower than their Tg (Bhandari and Howes, 1999). 
DSC curves of all GGM powders presented in Fig. 6 illustrated a major 
transition at 50–60 ◦C. This transition is suggested to be linked to Tg of 
lignin residues (Olsson and Salmén, 1997; Stelte et al., 2011). It is 
noticed that the reported Tg values of GGM in the literature are some
what inconclusive, for example 180 ◦C (Nypelö̈̈ et al., 2016), 55–65 ◦C 
(Hartman et al., 2006), and 43 ◦C (Xu et al., 2007). This could be 
because of both variations in the characteristics of wood hemicelluloses 
affected by extraction methods, and in the experimental procedures. 
Polymers with the higher molar mass, amounts of bulky and inflexible 
side groups, degree of cross-linking, and amounts of polar groups have 
the higher Tg (Roos, 2010). GGM-10/30, GGM-10/60 and GGM-8/45 
exhibited another endothermic change at around 120–130 ◦C which 
can be explained by either a second Tg or due to water evaporation as 
was suggested by other researchers (Castro-López et al., 2021; Leena 
et al., 2020). 

A sharp endothermic peak at around 150–180 ◦C which was 
observed on the DSC curves of all GGM powders possibly originated 
from the melting of crystalline proportions (e.g., GGM-6/60) and/or 
sample decomposition (Tm). Among ultrafiltered GGM samples, GGM- 
10/60 powders had the lowest Tm value (~150 ◦C), followed by GGM- 

Fig. 6. DSC curves of ultrafiltrated GGM powders (a), and eGGM and fGGM powders (b). The small graphs representing the resolution of the original graphs in a 
range of 45–140 ◦C, Tg: glass transition temperature, Tm: melting temperature. Refer to Table 1 for sample codes. 
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Fig. 7. Effects of temperature and pH on total phenolic content (a), ζ-potential (b), galactose (c), glucose (d), lignin-G-tot (e), guaiacol (f), and degree of acety
lation (g). 

A. Halahlah et al.                                                                                                                                                                                                                               



Industrial Crops & Products 198 (2023) 116656

11

6/60 powders (~160 ◦C) while Tm values of the other ultrafiltered GGM 
samples were above 170 ◦C. The results indicated the ultrafiltration 
conditions, especially temperature (60 ◦C) markedly affected heat sta
bility of GGM powders. It appeared that removal of lignin, phenolic 
compounds and acetyl groups reduces the heat stability of GGM pow
ders. This could also explain for a lower Tm of eGGM powders (140 ◦C) as 
compared to that of fGGM powders (180 ◦C) (Fig. 6b). 

3.10. Modeling the experimental data 

Response surface methodology (RSM) is usually applied to experi
mental data to understand the effects of important factors (e.g., time, 
temperature and pH) on quality parameters (e.g., chemical composition, 
physical and sensory properties) of the process and/or product (Bezerra 
et al., 2008). Trying to understand the effects of ultrafiltration pH and 
temperature on the properties of GGM powders, RSM was applied, and 
results can be found in Table S1 (Supplementary materials). The 
regression models explained accurately the TPC, ζ-potential, galactose, 
glucose, molar mass, guaiacol, and lignin-G contents. For these re
sponses, the coefficient of determination (R2) was higher than 0.70, 
meaning that the RSM models were able to explain more than 70% of the 
variance in data. In practice, the RSM models shown in Table S1 can be 
used to predict, with ± 95% confidence, the mean value of each 
response without performing the actual measurement in the lab. Inter
estingly, for molar mass, neither the temperature (p = 0.076) nor the pH 
(p = 0.059) was significant in increasing the mean molar mass values, 
but their interaction was significant (p = 0.048). Similar trends were 
observed for lignin-G-tot, guaiacol, and galactose. To facilitate the 
observation of the effects of temperature and pH on the responses, 
response surface plots were generated and are presented in Fig. 7. 

On the other hand, the RSM models proposed for lignin content, 
degree of acetylation, arabinose, rhamnose, xylose, mannose, creosol, 
vanillin, 2-methoxy-4-vinylphenol, dispersity (Mw/Mn) could not be 
fitted into a polynomial equation. This can be observed by the low R2 

values (<0.70) and by the non-significance (p > 0.05) of temperature 
and/or pH on each response. In practice, the RSM models cannot be used 
for prediction purposes at the factors’ range studied. 

4. Conclusion and outlook 

This work confirmed that the ultrafiltration parameters including pH 
and temperature had high impact on the composition and physico
chemical properties of GGM powders and can be used to tailor the 
product properties. High temperature (60 ◦C) and pH (10) led to 
membrane fouling and lower flux of the feed, and samples obtained 
under these conditions had lower molar mass, degree of acetylation and 
absolute ζ-potential compared to the other samples. Furthermore, total 
phenolic content and carbohydrate contents decreased as temperature of 
ultrafiltration increased. Carbohydrate contents of all ultrafiltrated 
GGM samples (especially arabinose and xylose) were lower than in 
fGGM as they were released during ultrafiltration. Unlike fGGM and 
eGGM and the rest of ultrafiltrated samples, GGM-10/60 formed a gel 
after ultrasonication. This research indicated the necessity of controlling 
the concentration process of GGM liquor after extraction. Furthermore, 
GGM with desired physicochemical properties could be produced by 
adjusting ultrafiltration process conditions. GGM sample which formed 
gel structure opened new possible applications of GGM powders that 
could be used as thickening agents or in 3D printing, for examples. 
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