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Abstract:

There is an ever growing interest worldwide in the development of biochar from a large
variety of agrowastes. This work contributes to the domain by tackling an agrowaste
represented in pomegranate peels powder. The latter was activated by acid treatment and then
pyrolyzed to generate low cost biochar. To enrich the surface of the resulting biochar, it was
arylated with various in-situ generated diazonium salts of 4-aminobenzoic acid (HyN-CgHs-
COOH), sulfanilic acid (H2N-CgHs-SO3H) and Azure A dye. The effect of diazonium nature
and concentration on the arylation process was monitored essentially using thermal
gravimetric analysis (TGA), and Raman spectroscopy. These techniques showed gradual
changes in the arylation of biochar at low concentrations of 10°, 10* and 10° M of 4-
aminobenzoic acid. Interestingly, Azure A diazonium salt induces lower extent of surface
modification, likely due to steric hindrance. One key feature of this work is the correlation
between D/G Raman peak intensity ratio and the mass loading of the aryl groups. To the very
best of our knowledge this is the first report ever on diazonium modification of agrowaste-
derived biochar and opens new avenues for such carbon allotrope, i.e. surface arylation and
applications.
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1. Introduction

Arylation of carbon allotropes is a very well established mean of preparing functional
based carbon materials ! for various applications comprising fillers 2 and reinforced polymeric
matrices 3, support of (electro) nanocatalysts *, flexible gas sensors * °, electrode materials ’,
and photovoltaic applications . Although graphene, carbon nanotubes, fullerene are advanced
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carbon based materials °, yet they are excessively expensive which limits the expansion of

their utilization. Instead, one can take advantage of biochar(s) generated from the pyrolysis of
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agrowastes and other biomass resources'® Biochar can be regarded as a promising

candidate possessing several attractive features which can further be tuned via acid or base

surface chemical treatment ‘> 2, loading of alkali metal oxalate loading *, amine

functionalization using diethanolamine '°, or silanization 1°.

However, arlyation with
diazonium salts has much to offer due to the commercial availability of several aromatic
amine precursors of diazonium compounds with several functional groups (-COOH, -NHy, -
SO3H, perfluro alkyl chain, N3=C azide, etc...) to control numerous physico-chemical
properties and post reactivity *’.

Diazonium salts are chief surface modifiers and coupling agents as they spontaneously
react with carbon allotropes * 17 *®, This led us to reason that they could be employed to tailor
the surface modification of biochar.

In this work, we bridge the best of two concepts: facile surface modification of carbon
allotropes with diazonium salts and pyrolysis process to fabricate biochar from agrowaste
(pomegranate peel powder). These materials derived from wastes have not been subjected to
arylation using diazonium salts, hence the interest of this investigation. To the very best of
our knowledge, no biochar designed by slow pyrolysis has been subjected to surface
modification with aryl diazonium salts. On the scientific viewpoint we feature biochar
modification in a facile way, at room temperature for multiple purposes. On the technological
viewpoint, biochar have much to offer as functional materials when equipped with reactive
aryl groups.

Subsequently, we describe the preparation procedure of biochar pyrolysis to
pomegranate peels. These carbon allotropes were post functionalized with aryl diazonium
salts comprising in-situ generated diazonium salts from 4- amino benzoic acid, sulfanilic acid
and Azure A. Pristine and modified biochar materials were characterized by X-ray diffraction,
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), thermal

gravimetric analysis (TGA) and Raman spectroscopy.



2. Experimental

2.1. Chemicals

4-aminobenzoic acid, sulfanilic acid, NaNO, and HCI 37% were Aldrich products. Azure A
was supplied by Alfa Aeser.

2.2. Biochar preparation

Pomegranate fruits were collected from the region of Kettana (Gabés region, Tunisia;
Latitude: 33° 53" 17.0772" N, and Longitude: 10° 5' 51.0792" E). Biochar was prepared by
pyrolysis of pomegranate peel dry powder. The peels were washed thoroughly until the
washings were clear, and then dried in an oven at 100 °C for 24 h. The final dried peels were
ground and pyrolyzed under nitrogen. 10 g of dried peel powder was heated with a
temperature ramp of 10 °C/min; the final temperature was set at 1000 °C. The biochar was
left then to cool down; the yield was about 21 %. The biochar was then acid-treated with
H3PO4 (40 %) at 105 °C for 4 h.

2.3. Arylation of Biochar

200 mg of biochar were dispersed in 50 mL of deionized water under sonication for 10
min then kept in ice-water bath with maintaining the temperature in the range of 0-5 °C. For
this dispersion, a 4-aminobenzoic acid solution was supplemented. The latter was prepared by
dissolving a proper amount of 4-aminobenzoic in 5 mL of 37% HCI to have (103 M)
concentration. The mixture was then maintained in an ice-water bath. An aqueous solution of
NaNO, was then added with retaining the ratio of 1:1 between 4-aminobenzoic acid and
NaNO,. The reaction was pursued with stirring for 60 min. Thereafter, the suspension was
centrifuged and washed several times with distilled water to remove any residues then dried.

The steps were repeated to synthesize arylated biochar-pomegranate with lower
concentrations of aryl diazonium salt (10* M and 10° M) taking in consideration a fixed ratio
of 1:1 between 4-aminobenzoic acid and NaNO5.

The same arylation procedure to biochar was pursued by utilizing sulfanilic acid and

Azure A as diazonium salts precursors at (10~ M) instead of 4-aminobenzoic acid.

2.4. Characterization of biochar samples
An X’Pert-Pro Panalytical diffractometer was used to record diffraction pattern of the
untreated biochar. A cobalt X-ray source (A = 1.7889 A) was used and the analysis was

performed with Bragg-Brentano geometry.



Pristine and arylated biochar samples were characterized through Raman technique by
using Horiba Labram HR Evolution machine fitted with a He—Ne laser beam the wavelength
of which was set at 514 nm. The spectra were fitted using Magic Plot software, version 3.0.1.

TGA measurements were performed with a Setaram apparatus (Setsys Evolution
model). The ramp was from RT to 800 °C at 10 °C/min heat rate under argon.

XPS analyses were conducted with a K Alpha+ machine (Thermo, East Grinstead,
UK) fitted with a monochromated X-ray source (Al Ka, hv = 1486.6 eV) and a flood gun to
compensate for the static charge build-up. To ensure detection of aryl group elemental
markers, the pass energy was set at 80 eV for recording the narrow regions. Survey scans
were acquired with pass energy of 200 eV. The powder samples were stuck on double-sided
adhesive tapes. Data acquisition and processing was done using Avantage software, version
5.9902.

3. Results and Discussion

\ Biochar NH,

|

Arylation

Pomegranate peel

Figure 1. Schematic illustration of the preparation of arylated biochar from
pomegranate peel agrowaste.

Figure 1 shows the pathway for the making of arylated biochar starting from
pomegranate peel agrowaste. Characterization of arylated pomegranate-based biochar with
different diazonium salts was done by monitoring different concentrations of 4-amino benzoic
acid. We compared dizonium salts of 4-amino benzoic acid, sulfanilic acid and Azure A, at
nominal concentration of 10 M. For benzoic acid, we have also tested 10 and 10° M initial
concentrations. With its phenothiazine structure, Azure A could be considered as a bulky
molecule compared to sulfanilic and 4-aminobenzoic acid. Blockage of the meta positions

relative to the diazonium group (or the amino group in the precursor) rules out any possible
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oligomerization of the phenothiazine moiety, as is the case of the 3,5-bis-tert-butyl
benzenediazonium tetrafluoroborate.*®

The XRD pattern of pomegranate based biochar is shown in Figure 2. Crystalline and
semi-crystalline phases exist in biochar. Raising the pyrolytic temperature, boosts volatilizing
the organic compounds.?® Hence, it allows generating more pores. XRD pattern demonstrates
the destruction of the crystalline structure. For this reason, relatively broad peaks appear at
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Figure 2. XRD of pomegranate peel biochar.

X-ray photoelectron spectra are displayed in Figure 3. All survey regions look practically the
same; for the sake of clarity we display only the wide scan of the Biochar-Benzoic Acid 107
M (Figure 3a). S2p regions are displayed in Figures 3b-e; no sulfur is detected for the pristine
biochar (Figure 3b) or Biochar-Benzoic Acid 102 M (Figure 3c). In contrast, arylation with
sulfanilic acid yields an S2p centred at ~168 eV (Figure 3d) in line with a sulfonate chemical
group,?® whereas S2p from Biochar-Azure A is centred at ~164 eV due to the C-S-C
environment of the sulfur atom in the attached dye®* (see Figure 1). Conjugation of the C-S-C
group within the hetrocyclic structure does not induce any significant shift toward higher
binding energy position.

N1s peaks (not shown) were recorded for all samples and found to be quite noisy which is

consistent with the quasi absence of N1s around 400 eV in the survey spectrum displayed in



Figure 3a. Biochar exhibits N1s due to persistent aminated groups from the initial biomass.?>
26 For arylated samples, N1s regions could also arise from azo groups within the aryl layers,?’
but for Azure A, the dye contains N,N-dimethylamino group —N(CHs), group that contributes
to the N1s region.
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Figure 3. XP spectra from pristine and arylated biochar samples: (a) survey region of
Biochar-Benzoic Acid 10 M, and S2p narrow regions of Biochar (b), Biochar-Benzoic Acid
107 M (c), Biochar-Sulfanilic acid 10 M (d), and Biochar-Azure A 103 M (e).
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Figure 4. SEM images of unmodified and arylated biochar samples at low (b,d,fh,j,l) and
high magnification (a,c,e,g,ik): control biochar (a,b), Biochar-COOH 10° M (c,d), Biochar-
COOH 10™* M (e,f), Biochar-COOH 10 M (g,h), Biochar-SOzH 10 M (ij), and Biochar-
Azure A 102 M (k,I).

Figure 4 displays SEM images, at two magnifications, for the control and the modified
biochar samples. Highly porous structures are noted due to the post-pyrolysis treatment of the
biochar by phosphoric acid. Moreover, arylation has been performed with in situ-generated
diazonium salts; that is in strong acid medium in the presence of the aromatic amines. Neither
significant initial concentration effect is noted, nor the organic matter from the diazonium
compounds blocks the biochar pores. Moreover, and despite arylation in harsh acidic media,

the porous structure did not collapse.

Thermogravimetric analysis (TGA) was employed to investigate the thermal stability
of the biochar upon being functionalized with various concentrations of aryl diazonium salts
as shown in Figure 5a. The precursors of these salts are 4-aminobenzoic acid (10°, 10 and
10 M), sulfanilic acid and Azure A (10 M). The analysis was carried out in a temperature
range up to 800 °C. The pyrolysis temperature has a role in determining the thermal stability
of biochar. In Figure 5a, the control sample of pristine biochar showed a steady behavior upon
increasing the temperature with maintaining its principal weight of biochar without
considerable loss. The start of weight loss is monitored at 420 °C up to 747 °C. The
functionalized samples of biochar exhibited a systematic behaviour in thermal stability as the
sample showing the highest weight loss is for the functionalized one (10 M) 4-aminobenzoic
acid. This is interesting to prove that as the concentration of aryl diazonium salt decreases in
the sample, it approaches the thermal stability of pristine biochar sample. At relatively low
temperature at 50 - 80 °C, the weight loss can be correlated to liberated adsorbed water. Some
variations are observed at higher temperatures due to the degradation of functional groups on

the surface of the samples. The samples with aryl diazonium salt show gradual weight loss



180 - 490 °C as a result of evolving volatiles. The weight loss in this stage may be ascribed to
the decomposition as carbon turns to CO, CO, and CH,4. The lowest weight loss corresponds
to biochar by losing 3 % of the original weight varying upon being functionalized by 4-
aminobenzoic acid. Meanwhile, the highest concentration of the used diazonium salt
precursor displays the highest weight loss to reach 14 % of its weight. As the concentration of
the latter decreases, lower weight loss takes place approaching the control biochar sample.
Above 490 °C, a faster weight loss takes place than the previous stage. Upon comparing the
other diazonium salt precursors namely; sulfanilic acid and Azure A, one could notice a
similar behaviour to the previously investigated samples as shown in Figure 3b. However, the
sulfanilic acid-functionalized biochar shows higher thermal stability up to 584 °C, losing ~ 12
% of its original weight. On the other hand, the sample loaded with Azure A loses ~ 7 % at

relatively lower temperature 503 °C.
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Figure 5. TGA thermograms of biochar loaded with: a) different concentrations of 4- aminobenzoic acid (107,
10* and 10° M) b) sulfanilic aicd or Azure A (10° M).

3.3. Raman spectroscopy

Raman spectroscopy was used as a vibrational spectroscopy technique for determining
the chemical functionalization and the dissemination of chemical bonds in the investigated
biochar samples. Figure 6 displays peak-fitted Raman spectra of the tested biochar samples
from 800 to 2000 cm . The spectra were fitted with six main bands centered at 1080,1220,
1350, 1495, 1585 and 1690 cm?, assigned to S. , S, D, V, G and G bands, respectively.?%

28 The shoulder band, low (S.) is most likely attributed to the circulation of hydrogen along
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the biochar periphery.?® The D band reflects the high regularization of the carbonaceous
material with a combination of 6 or more benzene rings, and reveals a possible presence of
heteroatoms and some defects.?> 2°. The G band centered at 1585 cm™, and representing the
graphitic region, reveals two kinds of vibrations, the quadrant one of the aromatic ring and the
E2g 2 vibration of the biochar.2 Centred at 1495 cm, the \ absorption band (the so-called
valley V band) is ascribed to the mixture of two vibrational modes of sp? carbons, (i) the
asymmetric stretch, and (ii) the breathing mode.?® The D3 band between D and S. bands is
attributed to the sequence alkyl-alkyl ether.?® The absorption band G illustrates the presence
of carbonyl function in the biochar (C=0).2° From Figure 6, one can clearly note substantial
change in the D/G peak intensity ratio on going from the Biochar control sample (Figure 6a)
to the most effective arylation, obtained for Biochar-COOH 102 M (Figure 6f). Clearly,
arylation induces chemical modification which is very well probed by Raman spectroscopy;®
this is despite the small changes noted using TGA in the actual case. The most important
features D and G bands are also discussed in terms of nanometer-sized crystallites in the

disordered structures , and the ordered graphite, respectively.®!

The D/G peak height ratios vary through various samples of pristine or functionalized
biochar as a result of biochar arylation.3® In the literature, D/G peak height ratios are usually
employed to track chemical modification of carbon. Herein, D/G peak height ratio increase
with arylation regardless the nature of the diazonium compound compared to pristine biochar.
However, taking advantage of the curve-fitting, one can instead consider the peak area of the
D and G bands. Interestingly, Figures 6a,d-f show that the D/G relative peak area increases
with the initial concentration of the 4-carboxybenzenediazonium salt. It is to note that lower
concentrations for Biochar-SOzH and Biochar-Azure A have not been tested due to the
significantly small changes noted by TGA. Raman D/G peak intensity ratio has been related
to the initial concentration of diazonium and iodonium salts used for arylation of carbon
surface.®

From TGA and Raman analyses, we have derived a stupendous relationship between
D/G peak area ratio versus the mass loading of aryl groups (in wt. %). The correlation rests on
estimating the weight loss % of biochar(s) at 400 °C with respect to D/G ratio as shown in
Figure 7a. It is important to note that D/G peak area ratio is related to the actual aryl mass
loading and not to the initial concentration set for biochar modification. The plot shown in
Figure 7a correlates two experimental results and this is not usually reported. Figure 7a

displays a good correlation of D/G upon increasing the functionalization content with
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diazonium salts onto biochar reaching a plateau region as a sign of saturation of these
loadings on biochar surface. The increased mass loading for higher initial concentration of 4-
carboxybenzenediazonium salt is due to the oligomerization of the aryl groups 7 3*. Since,
new aryl radicals attach to those already tethered to the biochar, clearly no further direct
modification of biochar could be probed by Raman. This is the reason why at higher mass
loading, a steady state D/G intensity ratio is reached for Biochar-COOH, in the same way it
has been reported for 3,5-bis tertbutylbenzenediazonium compound on highly oriented
pyrolytic graphite.®® It is noteworthy that diazotized Azure A imparts the lowest modification
of biochar, likely due to steric hindrance which prohibits oligomerization of Azure A units,
given the blocked 3 and 4 positions of the aromatic ring attached to the surface. Similarly,
anthraquinone-2-diazonium salt reaction with graphite surface yields aryl sub-monolayer due
to the blockage of the 3 and 4 positions and the steric hindrance of the molecule;*® this is the
same situation for Azure A with its blocked meta position and steric hindrance. For this
reason, there is less loading and thus low D/G peak area ratio. Elsewhere, it was demonstrated
that on multiwalled carbon tubes, arylation with Azure A was found to yield the thinnest aryl
layer compared to the diazonium salts of Neutral Red and Congo Red.?* Yet, the pomegranate
biochar modification with —CgHs-COOH groups at initial diazonium concentration of 10° M
yields D/G = 2.67, higher than that of the pristine pomegranate biochar (D/G = 2.19). 102 M
Azure A induces a D/G peak area ratio (2.38), even slightly lower than value comparable to
that of Biochar-COOH 10° M (2.67), which shows that the band shape modification is not
only concentration-dependent but is influenced by the nature of aromatic amine employed for

arylation.
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Figure 6. Peak-fitted Raman spectra of unmodified and arylated biochar: (a) control Biochar
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To account for the Raman-TGA results, Figure 7b schematically illustrates the effect of low,

medium and high arylation of biochar on D/G peak intensity ratio.
deposition could be obtained for low initial concentration, followed by increased occupation

of the surface and then oligomerization in the case of free meta-positions. High loading

(Sub-)Monolayer

shown in Figure 7b is only possible for small and not for phenothiazine or anthraquinone-type

aryl groups.
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Conclusion

A Dbiochar derived from pomegranate peel powder, as an agrowaste, has been
prepared. The preparation step of biochar was carried out by pyrolysis at 1000 °C followed by
functionalization through arylation with -COOH, -SOsH and -N(CHs), diazonium salts. The
diazo-precursors of these salts are 4- aminobenzoic acid, sulfanilic acid and Azure A. TGA
analysis showed a proportional thermal stability of the investigated biochar samples with
respect to the diazonium salts concentration. From the obtained TGA and Raman
measurements, we have reached a striking relationship expressing the dependence of D/G
ratio on the mass loading of biochar to reach a saturation condition at relatively high content
of aryl-functionalization (using 10° M initial aromatic amine concentration). The steady state
of D/G is likely to be due to oligomerization of aryl units. In this situation, there is no direct
modification of biochar and thus no more increase in D/G value was noted. Interestingly,
Azure A diazonium salt imparts lowest D/G value compared to other salts (at 10 M initial
concentration) due to steric hindrance and thus limited arylation with bulky molecules.

To the very best of our knowledge, this is the first report on diazonium modification of
biochar, prepared by slow pyrolysis of pomegranate peel. It interrogates both the effects of
nature and concentration of diazonium compounds with possible or hindered oligomeration
possibility. This first example could be adapted to any other agrowaste-derived biochar,

which is another step towards the valorization of agrowastes.
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