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ABSTRACT

Liquid-state 13C Nuclear Magnetic Resonance (NMR) spectroscopy was employed to
characterize BPF resole resins. The 13C NMR analysis revealed that condensation reactions
between bark phenolic compounds and formaldehyde occurred during resin synthesis.
Notably, the BPF resin exhibited more pronounced methylene ether bridges compared to the
conventional PF resin system. The 13C NMR study highlighted significant structural
differences in the resins induced by the incorporation of bark-phenolic components. The
inclusion of bark-phenolic components favored the formation of para-ortho methylene
linkages in the BPF resins, which also enhanced the cure rate of the BPF resin system

INTRODUCTION

Phenol-formaldehyde (PF) resins are widely used
as an adhesive in the wood products industry for
the manufacture of particleboard and other
composite products because of its high strength
and moisture resistance®?. Phenol, the costliest
chemical raw material for the manufacturing of
PF resins, is primarily produced from petroleum-
derived benzene by the cumene process
developed by Hock® .

Dwindling of petroleum resources as well as

increasing demands for petroleum by
developing  economies,  political and
environmental concerns over fossil-based

resources has necessitated the interest in

exploring and  developing  alternative

renewable resources for both energy and

chemical production®.
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The lignocellulosic biomass used as precursor in
the production of bio-phenol in this study is
Detarium senegalense, a lesser-utilized tropical
hardwood species in Nigeria, composed of
lignin, an amorphous micro-molecule, which
of

macromolecules that

comprises three phenyl-propanol

is, p-hydroxyl-phenyl
syringyl-

propanol, that can be decomposed into the

propanol, guaiacyl-propanol and

oligomeric  and monomeric  phenolic

compounds through thermochemical
technology such as direct liquefaction?®. In this
regard, Detarium senegealens biomass can be a
potential source of bio-phenolic compounds to
in the

replace  petroleum-based phenol

production of PF resins; owing to the high
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percentage bark abundance within trees of the
same species and those of different species®.
The curing behavior of PF resin, studied by the
use of Differential Scanning Calorimeter is
fundamental to optimizing the hot press
temperature as well as improving the physical
and mechanical properties of the particleboards
produced from the resin. In general, curing of
PF resin could be influenced by the interaction
between the resin and phenolic bark component.
Those effects are multiplied and complicated as
a result of the complex composition and
structure of wood as well as bark composition.
Many studies have reported the curing and
structural characterization of forestry residue’®
but their focus was essentially on softwood bark
because of its composition of both guaiacyl and
syringyl units derived from trans-coniferyl and
trans-sinapyl alcohols. Notwithstanding, it has
also been established that the weight percentage
of lignin, cellulose, and hemicellulose in any
type of biomass as well as the composition of
syringyl, guaiacyl and p-hydroxyphenyl is
affected by several factors® among which are:
Geographical location , soil type, climatic
conditions, plant species, pH level, soil nutrients
and age of plant species. Also, the unraveled
complexity of the structure of lignin which is
dependent on its source among other factors is
equally significant.

Incorporating phenolic-bark components into
the PF resin synthesis, as partial replacement for
petroleum-based phenol, can add significant

complexity to the resin structure and affect the
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reactivity and stoichiometry of the resins,
Carbon-13 Nuclear Magnetic Resonance (**C
NMR) is an advanced analytical technique that
probes and give complete and reliable
information on the chemical structures present
in the cured bio-phenol formaldehyde resin
obtained from D. senegalense, allowing the
identification of several functional groups and
its quantitative determination.The aim of this
study therefore, is to probe the network structure
and position of linkages between the cured
system of the commercial PF and bio-phenol
formaldehyde phenol rings of the cured resin

using **C NMR spectroscopy techniques

MATERIALS AND METHODS

Bark collection and sample preparation

Bark of D. senegalense was obtained from
Aiyegun sawmill, new Garage, Ibadan Nigeria.
Reliable information from the sawmillers was
that the log was collected from Onigambari
reserve. Onigambari Forest Reserve is located on
latitude 70.25°N and 7. 55 °E and longitude 3. 53
°N and 3. 9 °E within the low land semideciduous
forest belt of Nigeria and covers a total land area
of 17,984ha. The air-dried bark samples of D.
senegalense was hammer milled (New Holland
grinder model 358, New Holland, PA) with
3.175-mm (1/8 in.) sieve size for particle
reduction. It was then oven dried at

105 °C for 2hrs. Elemental composition of
carbon, hydrogen, nitrogen, and sulfur in the D.

senegalense samples were analyzed with a
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CHNS Flash Elemental Analyzer 1112 series.
The
senegalense bark was carried out in a 1000 mL

liquefaction of the hammer-mill D.

stainless steel autoclave reactor equipped with a
stirrer and a water-cooling coil. Liquefaction
procedure of” was followed to obtaining the bio-
phenol fraction.

Synthesis of BPF resole resins using the phenol
bark component of Detarium senegalense
Bark

Methods

Bio-phenol formaldehyde resole resin was
synthesized using bark phenolic compound from
D. senegalense (forest biomass) via the

solvolysis liquefaction method, the bio-oil
obtained, was successfully incorporated into the
synthesis of bio-phenol formaldehyde (BPF)
resins up to 75 percent replacement by weight
substitution for petroleum-based phenol.

The resin synthesis were carried out in a
laboratory glass reactor equipped with a stirrer, a
The

aqueous

thermometer, and a reflux condenser.
37%
formaldehyde was heated up to a temperature of
45°C, and then the catalyst, a 10% sodium

mixture of phenol and

hydroxide solution as was added. After the
components were heated to 90°C over a period of
30 min, the temperature was kept at 90°C for 60
min. The experiment was repeated for 25 %, 50%

and 75 % phenol replacement.

Commercial PF resins
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In order to understand how the bark phenolic
compounds affect the resulting resin properties, a
conventional ~ commercial

pure  phenol

formaldehyde is used as control for the study.

Liquid State *C NMR measurement

Liquid State *C NMR spectra were recorded
using a Unity 400 spectrometer. The spectra were
recorded under the following conditions: a pulse
angle of 60 degrees (8.3 ms), a relaxation delay
of 10 s and with gated Waltz-16 *H decoupling
during the acquisition period. About 400 scans
were accumulated for each spectrum. Some
samples were dissolved directly in deuterated
water, while other samples were freeze-dried
first, and then dissolved in deuterated water for
NMR tests. *C chemical shifts were measured
with respect to tetramethylsilane (TMS) as the

internal standard.

RESULTS AND DISSCUSSION

The DSC results of the main exothermic peaks
for BPF and reference PF resole resins at a
heating rate of 10 °C/min shown in Table 1,
reveal that at low bio-phenol replacement level
of 25 and 50 wt%, the curing temperatures were
lower than that of the commercial and
laboratory synthesized pure PF resins, which
suggested that the presence of bio-oil could
promote the curing reactions of the BPF resins.

This result is collaborated with the findings of?
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" where the addition of a small amount of bio-
phenol materials in PF resin (e.g. tannin and
lignin) reduced the curing temperature.

BPF resin at 75 % substitution, however,
displayed a higher curing temperature than the
commercial and laboratory synthesized pure PF

https://dx.doi.org/10.4314/njcr.v30il1.2

resins as similarly observed by These results
suggested that the presence of bio-oil in BPF
resins could play two adverse roles in the
process of curing depending on the amount of
bio-oil in the BPF resins.

Table 1. The Differential Scanning Calorimetry (DSC) results of the main exothermic
peak for the resins at heating rate of 10 °C/min.

Resin Formulation | Comm PF resin 25 wt% BPF 50 wt% BPF 75 wt% BPF
Onset Temp.(°C) 143.5 133.0 132.5 149.5
Peak Temp. (°C) 150.0 144.5 145.8 157.0
End Temp. .(°C) 161.5 157.2 157.5 166.2

Structural Compositional Characterization of
PF and BPF Resins

The result showing the structural compositional
characterization of the PF and BPF resins when
characterized using *C NMR are displayed in
(Figure 1 to 4) and the chemical shifts and
signal assignment is listed on Table 2. The
chemical shift between 166 -168 ppm was
assigned to the carbonyl groups. Chemical
shifts between 153.3 -163.9 ppm was assigned
to C-OH on the phenolic rings. The chemical
shifts between 153.5 -157.2 ppm was assigned
to alkylated phenoxyl, in ortho position. The
chemical shift between 158.0 -159.5 ppm was
assigned to alkylated phenoxyl, in para
position. The chemical shift at 146.51 ppm was
assigned to C4 in etherified guaiacyl unit in g-

5’ of the liquefied D. senegalense bark. The
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chemical shift of 145.25 ppm was assigned to
C4 in non-etherified guaiacyl unit of the
liquefied D. senegalense bark. The chemical
shifts between 134 -135 ppm was assigned to
C1 in etherified guaiacyl and syringyl unit of
the
chemical shifts of 129.0 -130.4 ppm were

liquefied D. senegalense bark. The
assigned to substituted para aromatic carbons of
phenol. Chemical shift of 63.1- 64.7 ppm was
assigned to para methylol. The chemical shifts
between 48.7 -50 ppm was assigned to
methoxyl groups. The chemical shifts between
39.1 -41 ppm was assigned to para-para
The shifts

between 34.6 -35.0 ppm was assigned to ortho-

methylene linkage. chemical
para methylene linkage. The chemical shifts
between 29.3 - 30.9 ppm was assigned to

methylene linkage between phenol and tannin-
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B ring while chemical shifts between 23.9 -
24.9 ppm was assigned to methylene linkage
between phenol and tannin-A ring

Table 2: Assignment of chemical shifts for commercial PF and BPF Resins

Chemical Shifts (ppm) Assignment
166-168 carbonyl C=0
153.5-163.9 phenoxy carbons
153.5-157.2 phenoxy, alkylated in ortho position
158.0-159.5 phenoxy, alkylated in para position
146.51 C4 in etherified guaiacyl unit in -5
145.25 C4 in non-etherified guaiacyl unit
134-135 C1 in etherified guaiacyl and syringy! unit
129.0-130.4 substituted para aromatic carbons of phenol
126.0-128.1 substituted ortho aromatic carbons of phenol
120.0-124.0 unsubstituted para aromatic carbons of phenol
114.0-116.6 unsubstituted ortho aromatic carbons of phenol
110-130 guaiacyl unit
86 C-pin p-O-4
86-93.7 formaldehyde oligomers, Ph-CH20CH20H
81.7 unreacted formaldehyde in the resins
69.0-73.0 phenolic methylene ether bridges
63.1-64.7 para methylol
60.4-62.8 ortho methylol
54.3 methoxyl groups
48.7-50 methanol
39.1-41 para-para methylene linkage
34.6-35.0 ortho-para methylene linkage
29.3-29.6 ortho-ortho methylene linkage
29.3-30.9 methylene linkage between phenol and tannin-ring
2
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methylene linkage between phenol and tannin-ring
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Figure 1: Liquid-state 3C NMR spectrum of the commercial PF resin

Structural Compositional Characterisation of
the Commercial Pure PF Resins

From Figure 1, the chemical shifts between
153.5 and 163.9 ppm assigned to phenoxyl
carbons and the chemical shifts of para
alkylated phenolic groups between 158.0 and
159.5 ppm, showed higher intensity than those
of chemical shifts of ortho alkylated phenolic
groups between 153.5 and 157.2 ppm in both
resins. The chemical shift at 48.7 ppm was
observed in both resin and was due to the
(CHsOH) in

solution as a stabilizer. The methanol could also

methanol the formaldehyde

be formed during the resin synthesis from the

Cannizzaro reaction of formaldehyde®

Siddiqui, H. (2013). The chemical shift at 81.7
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ppm relating to the unreacted formaldehyde

was observed in both resins. The small
chemical shifts around 86 and 87 ppm belonged
to formaldehyde oligomers in the resins. The
result was consistent with previously published
research of!1213,

The peaks between 114 and 116 ppm for
unsubstituted ortho aromatic carbons of phenol
and the peaks between 120 and 124 ppm for the
unsubstituted para aromatic carbons of phenol
were observed in both resins. The peaks
between 60.4 and 64.7 ppm represented the
methylol groups (Ph-CH,.OH), with the ortho
link between 60.4 and 62.8 ppm and para link
between 63.1 and 64.7 ppm were also observed

in both resins.
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Figure 2: Liquid-state 3¢ NMR spectrum for 25 wt% Bio-phenol formaldehyde

Structural Compositional Characterization of
25 wt% Bio-Phenol Formaldehyde
Resole Resin

The differences between the liquid-state *C
NMR spectra between of 25 wt % BPF resin and
the commercial PF resin were observed clearly.
The incorporation of phenolic-bark extracts in
the formulation of the BPF resin introduced new
peaks (Figure 2).The appearance of the new
chemical shifts between 29.3 and 30.9 ppm, 28.8
and 29.1 ppm, 23.8 and 24.9 ppm in the BPF
resins could be attributed to the methylene
groups between phenol and the tannin-B ring
(29.3 and 30.9 ppm), and between phenol and the
tannin-A ring (phloroglucinol ring, 28.8 and
29.1, 23.9 and 24.9 ppm) 415 these peaks were
not observed in the commercial and laboratory
synthesized pure PF resins. These peaks provide
evidence that the tannins components (both A

ring and B ring) in the phenolic bio-oil extract
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reacted with the formaldehyde during the resin
synthesis.

The DSC result in Table 1 shows the inclusion of
bark phenolic component decreases and at the
same time accelerated the curing temperature of
the resin. The findings is corroborated with the
previously published DSC research work of 816
that establishes that the introduction of phenolic-
bark extractives to the PF resin synthesis affected
the curing behavior and curing kinetics of the
resulting BPF resin by acting as an accelerators
in PF resins for plywood production due to their
ability to minimize gelation and shorten press
time. The BPF resins had faster curing rates than
the commercial and laboratory synthesized pure
PF resin. The reaction between the tannin
components in the phenolic-bark extractives and
formaldehyde could be one of the reasons for the
acceleration of the curing rates of the BPF resins.
The intensities of the chemical shifts of the

phenoxyl groups between 150 and 160 ppm for
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25 wt% BPF resin is weaker than those of the
commercial and laboratory synthesized pure PF
resins. The intensity chemical shifts between 164
and 167 ppm represent carbonyl groups in BPF
resin was stronger in 25 wt% BPF. The methoxyl

https://dx.doi.org/10.4314/njcr.v30il1.2

BPF resin at 55.5 ppm. The chemical shifts
between 71 and 76 ppm also represented the C-a
in the p-O-4’ guaiacyl unit as well as the
methylene ether bridges. The chemical shifts at
133 to 135 ppm were attributed to C; in guaiacyl

group from the phenolic-bark components was and syringyl units.

clearly observed in the spectrum of the 25 wt%

50 % BPF
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Figure 3: Liquid-state *C NMR spectrum for 50 wt% Bio-phenol formaldehyde

Structural Compositional Characterization of
the 50 wt% Bio-Phenol Formaldehyde Resole
Resin

bio-phenol was replaced by the petroleum-

based phenol, less methylol groups and

methylene groups were formed between

The intensities of the chemical shifts between phenols; indicating that the liquefied bark had

60 and 65 ppm as well as between 35 and 37 retarded the reaction of phenol and

ppm, were attributed to methylol groups and formaldehyde probably due to steric hindrance
methylene group, respectively. It was weaker in
the 50 wt% BPF resins Figure 3 than in the

commercial PF resins Figures 1, that is with

816 The chemical shift at 174.83 ppm arose
from the C=0 group of the glucuronic acid
indicating that it was esterified to lignin. The
increasing bio-oil-phenol ratio to 50 wt% in the chemical shifts at 133 to 135 ppm attributed to

BPF resin, the intensities of these chemical C: in guaiacyl and syringyl units were stronger

shifts decreased, due to the fact that, as more in 50 wt% BPF than in the 25 wt% BPF resins.
20
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The chemical shift at 55.5 ppm attributed to the
methoxyl groups (-OCHs).

A small chemical shift between 71 and 73 ppm,
was obviously observed in the spectrum of 50
wt% BPF resins but not in the spectrum of the
commercial PF and laboratory synthesized pure

PF resins and it indicated the existence of the
BPF 75 wt%

Methaxy| group

\

Methyldl
groups

Substituted and

unsubstituted carbon on |
phenolic rings
Phenoxy f [
region

https://dx.doi.org/10.4314/njcr.v30il1.2

methylene ether bridges which confirmed that the
structure of BPF had introduced steric hindrance.
It could therefore be concluded that the phenolic
ring attached to the bark component during
liquefaction were mostly at their ortho-position.

o o I o o

b

‘ L— Solvent peak

Methanol

Methylene
ether bridge

Methylene lii  Methylene link between
bark tannins and phenol
J (New peaks)

I

I-orm ldehyde nllunmr\ |
& Ph-CH,OCH,OH

230 210 190 170 150 130 110 90

ppm

70 50 30 10 -10

Figure 4: Liquid-state **C NMR spectrum for 75 wt% Bio-phenol formaldehyde BPF Resins

Structural Compositional Characterization of
the 75 wt% Bio-Phenol Formaldehyde Resole
Resin

The spectrum for 75 wt% BPF resin is shown
in Figure 4. At this substitution level, the
intensities of chemical shifts for the
unsubstituted para carbons of phenol between
120 and 124 ppm were lower than those of the
commercial pure PF resin. The chemical shifts
between 115 and 116 ppm, which correspond to
the unsubstituted ortho aromatic carbons of
phenol, were absent. This suggest that the ortho

aromatic carbons of phenol had completely

Nigerian Journal of Chemical Research

reacted in the reaction of the bio-phenol with
the formaldehyde. Similar observations have
been reported by *? for PF resole resins, and
the reason was that the ortho substitution was
more favored by the addition of curing
accelerators. It, therefore, suggests that BPF
resins have the potential to speed up resin
curing reaction (Table 1). The methoxyl group
at 54.3 ppm from the BPF resins was clearly
observed in 75 wt% BPF resins, and the

intensity increased with the increasing amount
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of phenol replacement by weight in the resin
synthesis.

The intensities of the chemical shifts between
150 and 160 ppm due to phenoxy groups which
decreased in the spectra of 25 wt% and 50 wt%
BPF resins when compared to the spectrum of
commercial pure PF resin, were almost
invisible in the spectrum of 75 wt% BPF resins.
The chemical shifts between 166 and 168 ppm,
which represent carbonyl groups in BPF resins
increased in intensity with the increasing level
of phenol substitution. The carbonyl groups in
the BPF resins may have originated from the
bark extractives, or the oxidation of the
phenalic rings or both.

The assignment of chemical shifts for the
commercial and BPF resins in this study was
therefore consistent with what had been
observed by'42017.181911 a5 symmarized in
Table 2.

CONCLUSION

Bio-oil from D. senegalense bark, could be
considered as a curing accelerator in the BPF
resin system since it promoted the ortho
substitution. However, due to the immaobility
and inaccessibility of the reactive sites (steric
hindrances) of the BPF resins, some of the ortho
position on the phenolic rings could not be
easily accessed, and as a result, unsubstituted
ortho aromatic carbons of phenol were
observed in the BPF resins.The research
revealed that the lignin in D. senegalense bark

is composed of both guaiacyl and syringyl unit
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with small amount of p-hydroxyphenyl unit
derived from transconiferyl and trans-sinapyl
alcohol

ACKNOWLEDGEMENT

My profound appreciation goes to Professor O.
Fasina for granting me short term scholar award
to Auburn University for my Laboratory
Research work. | will also like to thank Dr.
Yusuf celilbag for his Laboratory assistance
and via Brain, for allowing me access to his
Laboratory both from the Department of Forest
Product Auburn University, Alabama U.S.A.
My utmost gratitude to Forestry Research
Institute of Nigeria and Federal University of
Technology Akure

REFERENCES

1. Daniel Jand Ralph, John (2016):
Characterizing  phenol-formaldehyde
adhesive cure chemistry within the wood
cell
wall: https://doi.org/10.1016/j.ijadhadh.
2016.05.002

2. Wang, M; Xu, C and Leitch, M.
(2009): Liquefaction of cornstalk in
hot-compressed  phenol-  water
medium to phenolic feedstock for the
synthesis of phenol-formaldehyde
resin. Bioresoures Technology. (a)

100: 2305-2307.
https://doi.org/10.1016/j.biortech.20
08.10.043

3. Hock, H and Lang, S. (1944):. Ber
Dtsch Chem Ges. B77 Pp. 257.

Vol. 30, No. 1, 2025


https://dx.doi.org/10.4314/njcr.v30i1.2
https://doi.org/10.1016/j.ijadhadh.2016.05.002
https://doi.org/10.1016/j.ijadhadh.2016.05.002
https://doi.org/10.1016/j.biortech.2008.10.043
https://doi.org/10.1016/j.biortech.2008.10.043

Olayiwola, njcr 30(1) 2025, 013 — 024

Oyedepo, S.O. Energy and
sustainable development in Nigeria:
the way forward. Energ Sustain
Soc 2, 15 (2012).
https://doi.org/10.1186/2192-0567-

2-15

Kleinert, M and Barth, T. (2009):
Phenols form lignin, Chemical
Engineering Technology. 31: 736-
745. DOI:10.1002/ceat.200800073.

Ogunwusi, A. A. (2013): “Variation
in the percentges of bark of ten
tropical hardwood specie grown in
Nigeria,” Journal of life sciences ant
Technology; Vol 7: 224-7181(Paper),
ISSN 225-062x (online)

Cheng, S., (2011): Bio-based
phenolic resins and adhesives derived
from forestry residues/wastes and
lignin. PhD Thesis, Lakehead
University. Pp 77-155.

Zhao, Y; Yan, N and Feng, M.
(2010): Characterization of phenol-
formaldehyde resins derived from
liquefied lodgepole pine Dbarks.
International journal of adhesion and
adhesives science, 26: 825-841.

. Véazquez, G; LoOpez-Suevos, F;
Villar-Garea, A; Gonzalez-Alvarez, J
and Antorrena, G. (2004): 3C NMR
analysis of phenol-urea-
formaldehyde  prepolymers and
phenol urea formaldehyde-tannin
adhesives, Journal of adhesion
science and technology, 18 (13):
1529-1543.

Nigerian Journal of Chemical Research

23

https://dx.doi.org/10.4314/njcr.v30il1.2

10.

11.

12.

13.

14.

https://doi.org/10.1163/1568561042
411231

Siddiqui, H. (2013):  Production of
lignin-based phenolic resin using de-
polymerized kraft lignin and process
optimization. Master's Thesis. The
University of Western Ontario. London,
Ontario, Canada.

Luukko, P; Alvila, L; Holopainen, T;
Rainio, J and Pakkanen, T. T. (2001):
Effect of alkalinity on the structure of
phenol-formaldehyde resol resins,
Journal of applied polymer science,
82 (1): 258-262.
https://doi.org/10.1002/app.1846

Lei, H; Pizzi, A., Despres, A; Pasch,
H and Du, G. B. (2001): Ester
acceleration mechanisms in phenol-

formaldehyde  resin  adhesives.
Journal of applied polymer science,
100: 3075-3093

https://doi.org/10.1002/app.23714

He, G. B and Yan N. (2004): 13C
NMR study on structure, composition
and curing behavior of phenol-urea-
formaldehyde resol resins, Journal of
applied polymer science, 45: 6813-
6122.
http://dx.doi.org/10.1016/j.polymer.
2004.08.019

Werstler, D. D. (1982): Quantitative
13C NMR characterization of aqueous
formaldehyde resins: 2 Resorcinol-
formaldehyde resins, Polymer, 27:
757-762.
https://doi.org/10.1016/0032

Vol. 30, No. 1, 2025


https://dx.doi.org/10.4314/njcr.v30i1.2
https://doi.org/10.1186/2192-0567-2-15
https://doi.org/10.1186/2192-0567-2-15
https://doi.org/10.1163/1568561042411231
https://doi.org/10.1163/1568561042411231
https://doi.org/10.1002/app.1846
https://doi.org/10.1002/app.23714
http://dx.doi.org/10.1016/j.polymer.2004.08.019
http://dx.doi.org/10.1016/j.polymer.2004.08.019
https://doi.org/10.1016/0032

Olayiwola, njcr 30(1) 2025, 013 — 024

15.

16.

17.

18.

Pizzi, A and Stephanou, A. (1994): A
13C NMR study of polyflavonoid
tannin adhesive intermediates. |Il.
Colloidal state reactions, Journal of
applied polymer science, 51: 212-213

Zhao, Y; Yan, N and Feng, M.

(2012): Bark extractives-based
phenol-formaldehyde resins from
beetle-infested  lodgepole  pine,

Journal of Adhesion Science and
Technology, DOl:
10.1080/01694243.2012.697689

Smit, R; Pizzi, A; Schutte, C. J and
Paul, S. O. (1987): "The Structure of
Some Phenol-Formaldehyde
Condensates for. Wood Adhesions. "
J. Macromol ...

Kim, M. G, Amos, L. W and Barnes,
E. (1990): Study of the reaction rates

Nigerian Journal of Chemical Research

24

https://dx.doi.org/10.4314/njcr.v30il1.2

19.

20.

21.

and structures of a phenol-
formaldehyde resole resin by carbon-

13 NMR and gel permeation
chromatography, Industrial
engineering chemistry research, 29
(10): 2032-2037.

https://doi.org/10.1021/ie00106a010

Grenier-Loustalot, M; Larroque, S;
Grande, D; Grenier, P and Bedel, D.
(1996): Phenolic resins: influence of
catalyst type on reaction mechanisms
and kinetics, Polymer. 37: (8), 1363-
1369. https://doi.org/10.1016/0032-
3861(96)81133-5

Werstler, D. D. (1986): Quantitative
13C  NMR characterization of
aqueous formaldehyde resins: 1
Phenol-formaldehyde resins,
Polymer, 27: 750-760.
http://dx.doi.org/10.1016/j.polymer.
2003.10.078

Vol. 30, No. 1, 2025


https://dx.doi.org/10.4314/njcr.v30i1.2
https://doi.org/10.1021/ie00106a010
https://doi.org/10.1016/0032-3861(96)81133-5
https://doi.org/10.1016/0032-3861(96)81133-5

