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 Herein, we report phenolic reaction products from the thermolysis of khat that is important 
in understanding the smoking of khat under conditions that are representative of cigarette 
smoking. Phenolic compounds occur naturally and are precursors for grave environmental 
health problems such as cancer and cell injury. This study investigates the phenolic 
compounds generated from the thermal degradation of Catha edulis, computes the global 
energies and entropies of selected phenolic compounds and their derivatives, and performs 
their geometry optimization using Gaussian ’09 computational code. In addition, we report 
on the elemental speciation of thermal char from khat pyrolysis. The thermal degradation of 
khat was conducted in an inert nitrogen environment at 1 atmosphere at a contact time of 
2s using a quartz tubular reactor. The pyrolysis effluent was characterized using a Gas-
chromatograph coupled to a mass spectrometer. The GC-MS results indicated that khat 
pyrolysis yielded a significant number of phenolic compounds such as phenol, p-cresol, 
catechol, hydroquinone and substituted methoxy phenols. The maximum release of these 
compounds occured between 400 and 550 °C. Hydroquinone gave the highest yield of 21.32% 
in the entire pyrolysis temperature while p-cresol gave a yield of 2.54% in the same 
temperature range. Phenolic compounds exhibited endothermicity with increase in 
temperature. Because of the potent nature of khat cigarette, it is necessary for government 
authorities, policy makers and medical practioners to mount campaigns against khat 
smoking. 

1. Introduction 

The chemistry of phenols in general is an interesting subject because 
of the remarkable toxic and health concerns associated with them. 
Phenols especially polyphenols are considered very important radical 
scavenging groups and may be used to reduce the effects of oxidative 
stress and related biological diseases. The natural environment 
comprises of a variety of phenolic compounds which occur naturally 
(pyrocatechol, guaiacol, pyrogallol, eugenol and, thymol) and some as 
a result of  continuous human activities such as industrial and 
agricultural activities which pose grave environmental risks [1]. 
Nonetheless, the phenolic groups such as phenol, hydroquinone, 
cresols, and methoxy substituted phenols and their associated free 
radicals are of serious health concern. This observation is 
compounded further during cigarette smoking or khat smoking. In 
the emerging drug abuse techiques of modern times, dried khat leaves 
are rolled into cigarette sticks or placed at the end of a pipe prior to 
smoking. The result is the delivery of toxic phenols and 
environmentally free radicals into the biological system where they 
are likely to cause injury on important body organs. Accordingly, 
Kibet et al. (2015) reported some of the molecular phenolic compounds 
such as p-cresol, o-cresol, m-cresol, catechol, hydroquinone, and 
methoxy-substituted phenols to cause a greater environmental 
pollution and health effects and higher reactivity index with 
biological systems [2]. This work investigates the distribution of 
phenolic reaction products from the thermal degradation of khat 
leaves under conditions that are representative of cigarette smoking.  

 

 

 

 

Generally, the structural design of phenolic compounds incorporate 
one or more hydroxyl groups (-OH) linked to the aromatic system such 
as  phenyl. Some examples of phenolic compounds and their 
structures are shown in Fig 1. Phenols are known to attack the 
enzymes of the liver, lungs, kidneys and initiate complications 
associated with cardiovascular infections and the nervous system in 
humans [3]. Despite the extensive amounts of research conducted on 
phenolic compounds, limitation still exists in identifying their 
possible sources in the environment. Therefore, it is fundamental to 
assess the possible generation of phenols from the thermal 
degradation of a variety of biomass materials such as khat, a class C 
drug substance whose use and possession has excited serious debate 
among scholars and medical practioners as an emerging illegal drug 
[4, 5].  

Even though khat is criminalized for possession by some western 
countries, its legalization for cultivation and use in East African has 
made it possible for its sale and smuggling into the world markets 
such as the United States of America (USA) and the United Kingdom 
(UK) that are currently experiencing increase in demand for its 
consumption by a wider demographic of individuals [6, 
7].Traditionally, khat chewing involves reserving raw but fresh leaves, 
twigs or shoots (Fig 2a) in the cheeks, recurrent munching in order to 
emancipate the dynamic drug components in a sap which gets 
dissolved in saliva to release the main psychoactive khat alkaloids, 
cathinone (Fig 3 a) and cathine (Fig 3b) which are the main chemicals 
for khat addiction [8]. Consequently, some communities have resorted 
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to the use of khat in form of cigarettes where dried khat leaves (Fig 2 
b), are packaged into cigars and ultimately smoked [9]. 
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Fig 1: examples of phenols from the thermal degradation of khat 

Various scientific researchers have expressively identified cigarette 
smoking as a risk factor for numerous degenerative diseases and as 
such, listed it as the leading cause of preventable deaths across the 
world [11]. It is important to note that of the few experimental studies 
that have been conducted on biomass pyrolysis, few  have reported on 
the generation of toxic molecular products in smoke that are potential 
agents for a number of human health complications including cancer, 
oxidative stress, emphysema with khat use having strongly been 
associated with reproductive health problems [12]. This health 
concerns have been associated with the inhalation of noxious 
particulate matter that induce inflammation reactions and fleshy 
tissue mutilation with the extent of impact on individuals depending 
on cells reprogramming, genetic susceptibility and lung structure [13, 
14]. As a result, research has shifted focus on cigarette smoke 
exposure with a sole aim of understanding the pathological and 
physiological processes that lead to cardiovascular disease 
manifestation in humans and came up with findings that support the 
idea that biomass smoke exposure poses a great environmental 
health threat [14-16].  

 

 
 

Fig 2: (a) Fresh khat twigs, leaves and shoot [10] (b) dried khat 
twigs and leaves 
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Fig 3: Khat alkaloids (a) cathinone (b) cathine 

 
 

The possible generation of toxic particulates including intermediate 
radicals and molecular products such as formaldehydes and 
acetaldehydes throughout the pyrolysis temperatures have been 
reported to be the major agents that contribute to biomass 
carcinogenicity, cytotoxicity and genotoxicity [17]. For instance, Lin 
et al. (2008) analyzed mainstream tobacco smoke and reported the 
occurrence of acetaldehyde which is known to be addictive and 
carcinogenic [18]. Moreover, polycyclic aromatic hydrocarbons (PAHs) 
such as benzo[a]pyrene that are well established as environmentally 
carcinogenic have been intensely researched and identified to be 
predecessors of benzene, 1,3-butadiene and isoprene which have been 
identified to be present in high concentrations in tobacco smoke [19, 
20]. In addition, cellular damage in a number of smokers has been 
linked to the production of phenolic compounds and their 
corresponding free radicals such as phenoxy free radical that are 
environmentally persistent because of their long-life times [21]. Of 
interest, the production of phenolic compounds from raw khat both 
before, during and after mastication has received little attention in 
research. Besides, the increase in the use of khat in form of cigarettes 
and the chemical analysis of the phenolic compounds emitted during 
khat smoking has not been well documented in literature. For this 
reason, the toxicity of khat cigarette smoke and the possibility of the 
evolution of phenolic compounds as potential carcinogens will be 
reported in detail. In addition, elemental speciation of char from khat 
pyrolysis will be analysed. The application of quantum chemistry has 
been identified as a useful tool in the generation and calculation of 
thermodynamic data that can be employed in making accurate 
reaction predictions for molecules whose experimental data are 
unknown [22]. The use of density functional theory (DFT) has been 
successfully utilized under the Gaussian computational package in 
describing the structural and consequently the obtained data were 
applied in describing the molecular system [23]. Accordingly, this 
work wills compute the global energies and entropies of phenol and 
its derivatives from khat biomass pyrolysis and perform geometry 
optimization using Gaussian’09 computational code.  electronic 
properties of a series of molecules and atoms and  
 
 
2. Experimental procedure 
2.1 Sample collection and preparation 

Fresh khat shoots were collected from khat farms in Maua 
municipality, Igembe South Sub-County, Meru county – Kenya. The 
samples were packaged in polythene carrier bags and transported to 
the laboratory where they were thoroughly sorted to remove any 
foreign matter, cleaned with distilled water followed by rinsing with a 
mixture of de-ionized and distilled water, dried in an electric oven at 
temperatures of 45 °C for 96 hours to remove moisture and then used 
without further treatment. The dried leaves were ground and sieved 
using a 45 micron mesh. 

2.2 Materials 

All chemicals used for this study were of analytical grade. The 
reagents; p-cresol, o-cresol, m-cresol, catechol, hydroquinone, and 
methoxy-substituted phenols had a purity ≥99.99%. The reagents 
were purchased from Sigma-Aldrich, South Africa and used without  
further modification. 
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2.3 Reactor design and assembly  
The reactor was designed and assembled as illustrated in Fig  4. It 
comprised of a set of units; the reactor compartment which houses the 
electrical heater and the reactor; temperature control unit which 
regulates the pyrolysis temperature within a temperature gradient of 
50 °C/min. A quartz tubular reactor of volume 49.96 mL was used for 
the pyrolysis of dried khat biomass. A residence time of 2 s was 
selected for all temperature runs. The flow rates of the pyrolysis gas 
through the reactor based on a residence time of 2 seconds were 
calculated using equation 1. 
 

𝐹𝐹0 = �𝜋𝜋𝑟𝑟
2𝐿𝐿
𝑡𝑡0
� �𝑇𝑇1

𝑇𝑇0
� 𝑥𝑥 �1 + 𝑃𝑃𝑑𝑑

𝑃𝑃0
�.            (1)  

where 𝑡𝑡0  represents the resident time and  𝐹𝐹0 the flow rate of pyrolysis 
gas, controlled by a digital mass flow meter that has the capacity to 
deliver up to 6000 mL/min of gas into the reactor system.  T0 refers to 
the reactor temperature before pyrolysis, T1 the reactor temperature 
after pyrolysis, L is the reactor length and r the internal radius of the 
reactor. Pd is the pressure difference between the inlet pressure and 
the pressure inside the reactor while P0 represents the internal reactor 
pressure before pyrolysis. Accordingly, the flow rates for the 
temperatures of 250, 500 and 700 °C were 2630.33 mL/min, 3887.66 
mL/min and 4893.52 mL/min, respectively. 

 

 
 

Fig 4: Reactor assembly 
 
2.4 Sample introduction into the reactor 
30±0.2 mg of the sample was weighed and placed inside the quartz 
tube and held in place by quartz reactor. The temperature console was 
set to 200 °C and adjusted in increment intervals of 50 °C up to a 
temperature of 700 °C on the fractional pyrolysis mode. The effluent 
flowing from the reactor was then transmitted through a deactivated 
silica coated transfer line that was kept at a constant temperature of 

270 °C to prevent condensation along the transfer line into 2 mL 
methanol in crimp top vials as a pyrolysate. The pyrolysate was 
analyzed using a Gas Chromatography hyphenated to a Mass selective 
detector (MSD). The char yield at every temperature was calculated 
using the method of difference as described by Soi et al. (2015), [24]. 
The char obtained at selected temperatures were packaged in crimp 
top vials for elemental analysis. 

 
Fig 5: Overlay GC-MS chromatogram for phenolic compounds released from khat pyrolysis 

2.5 Characterization of phenolic compounds from thermal 
effluent of khat 

An Agilent 6890N gas chromatograph instrument equipped with a 
5973N mass selective detector (MSD) with an ion source electron 
impact (EI) of 70 eV was used to analyse the pyrolysate. A DB5-MS 
column (30 m × 0.25 mm × 0.25 μm) was used to analyse molecules 
present in khat pyrolysate. A 1μL of the liquid sample was injected 
into the GC column whose injection port temperature was set at 200 
⁰C. The temperature programming was adjusted so as to heat at a rate 

of 25 ⁰C/min at 50 ⁰C for 10 minutes and hold for 2 minutes at 250 ⁰C 
and followed by a heating rate of 10 ⁰C/min and holding for 10 minutes 
at 300 ⁰C. The identified phenolic compounds were comprehensively 
checked run through NIST identification software and confirmed 
using ChemStation Agilent software in order to guarantee accurate 
reporting of the reaction products. To ensure that the correct 
compound was positively identified the retention times of pure 
compounds (standards) were determined and matched with those of 
the analytes.  
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3. Results and discussion 

3.1 Phenolic compounds released from khat pyrolysis 

During the thermal degradation of dried khat leaves under conditions 
that simulate cigarette smoking, a range of phenolic pyrolysis 
products were released at various pyrolysis temperatures. It can be 
observed from Fig. 5 that most phenolic products were evolved at 
temperatures ranging between 300 and 500 ⁰C. Evidently from the 
obtained results, the pyrolysis of khat generates a series of phenolic 
compounds such as p-cresol, catechol, hydroquinone and other 
substituted methoxy phenols including 3-methoxy phenol. The 
release of the pyrolysis phenolic products showed a variation in 
concentrations at various temperatures with peak concentrations 
being achieved at temperatures ranging between 400 °C – 550 °C as 
illustrated in Fig. 5. Notably, at high temperatures of about 700 °C, 
more phenolic compounds were generated compared to low 
temperatures of around 200°C. 

Phenolic compounds attained maximum release temperature at about 
450 °C and 550 °C at which p-cresol, phenol and its corresponding 
substituted molecular products such as 3-phenoxy phenol, 2, 6-
dimethoxy-4-allylphenol and 3,4-dimethoxyphenol registered the 
highest yeields. Hydroquinone peaked at about 500 ⁰C with a yield of 
11.12% and a total yield of 21.32% in the entire temperature range. 
This represented nearly 40% of the total phenol content reported in 
this study. The total yield of phenol and p-cresol in the entire 
pyrolysis temperature range were 5.67 and 2.54%, respectively. This 
suggests that the major phenolic component in khat pyrolysis is 
hydroquinone, and is perhaps the most potent chemical in khat 
smoking. The phenolic compounds detected in low yields (Fig. 6b) 
included 4-methoxybenzene-1,2-diol. On the other hand, methoxy 
phenol compounds were reported in fairly higher yields from of 400 
°C, attained a maximum evolution at 500 °C before decreasing sharply 
at 650 ⁰C. Compounds such as methoxy phenyl acetic acid and 1, 4-
dimethoxy-2-methylbenzene were produced at low concentration 
throughout the pyrolysis temperature range while 3-methoxy 
acetophenone depicted the highest concentration of 8.82% as 
illustrated in Fig. 6b. 3,4-dimethoxyphenol gave a yield of ⁓6% in the 
entire pyrolysis temperature range while 3-phenoxyphenol was 3.6% 
in the whole temeprature range. 

 

 
Fig 6 Phenolic (a) and (b) methoxy phenol compounds distribution 
from khat biomass pyrolysis 

It is important to note from the khat pyrolysis experiments, that all 
reported phenolic compounds had their concentration profiles 
increasing with increase in temperature upto approximately between 

400-600 ⁰C before decreasing between 650 and 700 ⁰C where the 
oxygenated components are completely decomposed. This can be 
illustrated in the percentage mass loss profiles at the pyrolysis 
temperature range shown in Fig. 7. The mass loss between 200–350 ⁰C 
was approximately 12% whereas between 350-550 ⁰C, the mass loss 
was ⁓65%. This coincides with the region where there is a high 
evolution of pyrolysis products and is consistent with literature 
studies. The next regime begins from 550-700 ⁰C during which a mass 
loss of ⁓11% is observed. At about 650 ⁰C, the pyrolysis material is 
largely carbon. Evidently, khat pyrolysis is accompanied by loss of 
weight as the temperature increases. The greatest loss of weight was 
achieved at a temperatures of about 500 °C. The main reason for such 
pyrolysis behaviour is mainly due to the release of most pyrolysis 
products at this   temperature.   

 
Fig 7: Khat percentage weight loss at various pyrolysis 

temperatures 

3.2 Elemental analysis 

Elemental analysis of char obtained from the thermal degradation of 
khat indicated a variation of the percentage composition of O, C, N, H 
and S as shown in Table 1. Carbon content in char from khat pyrolysis 
at 400 ⁰C was found to be 37.08% while that of oxygen was 
significantly high (43.73%) which can be attributed to the presence of 
oxygenated organic components such as esters, phenols alkanoic 
acids and other oxygenated molecular compounds such as aldehydes 
and ketones. Hydrogen, nitrogen and sulphur were also reported in 
slightly lower concentrations of as displayed in Table 1.  

Table 1: Elemental composition of khat thermal char at 400 ⁰C 

Element Composition (%) 

C 37.08 
N 1.47 
H 5.52 
O 43.73 
S 0.14 

 
Total      87.94% 

These elements especially nitrogen and sulphur are well known to be 
constituents of toxic compounds such as the nitrogen containing 
hydrocarbons (cathinone, pyridine, and pyrrole) which are notorious 
environmental contaminants and are capable of causing serious 
health problems.     

3.3 Health implications of phenolic compounds 

Phenols from khat pyrolysis, especially substituted phenols are 
known to be highly toxic given that they possess electron donating 
substituents, mainly the methyl groups. Moreover, the conjugation 
between the oxygen atom electron pair with the aromatic system 
results in increased polarity because of the transfer of negative 
charge from the oxygen atom to the aromatic ring and charge 
delocalization phenolic compounds are considered highly reactive 
against biological systems once they gain entry into the human body 
system. For instance, during thermal degradation, hydroquinone 
breaks down into environmentally active radicals as illustrated in 
scheme 1. 
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Scheme 1: Hydroquinone thermal degradation to hydroxyquinoxy 
free radicals 

Moreover, hydroquinone becomes polarized and consequently gains 
acidic properties by forming hydroxyphenolate ion whose negative 
charge distribution around the molecule can be demonstrated by 
resonance hybrids as shown in scheme 2, vide infra. These 
characteristic features of hydroquinone with respect to the presence 
of substituent groups attached to the aromatic ring depending on its 
ability to withdraw or donate electrons [1]. It can be observed from 
scheme 2 that the resonance stabilization for phenolic compounds is 
possibly a result of separation of charge which leads to compound 
stabilization. Therefore, since the resonance stabilization of 
hydroxyphenolate ion is greater than stabilization of hydroquinone, 
it is more likely that it is highly polar than its parent molecule, 
hydroquinone. Remarkably, similar reaction patterns are likely to be 
noted in many other phenolic compounds such as phenol. 
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Scheme 2: Resonance stabilized structures for hydroquinone 

The low polar nature of hydroquinone can be associated with its 
ability to form hydrogen bonds that strengthen the structural 
symmetry of the hydroquinone molecule. A hydroquinone molecule 
produces a strong structure which is highly hydrophobic and 
therefore most likely insoluble in human biological systems such as 
fatty tissues. This hydrophobic behaviour is a precursor for oxidative 
stress. On the hand, its conversion to hydroxyphenolate ion makes it 
more toxic when bound to polar biological structures such as DNA and 
amino acids. 

  

Besides, the detection of p-cresol in khat smoke is a health concern. 
This is because p-cresol has been reported to be highly toxic by 
various scientific studies especially when their main entry route into 

human body system is via the oral, subcutaneous, and intravenous or 
intrapertoneal where it is more likely to cause tissue corrosion along 
the involved body parts thus resulting to cardiovascular diseases and 
consequently established as a protein bound uremic toxin [25, 26]. 

 

Bond length  Bond angle 

 

Bond length  Bond angle  
C-O=1.43000 C-C-C=120.00000 C-O=1.39040 C-C-C=119.95711 
C-C=1.40140 C-C-O=120.00000 C-C=1.39346 C-C-O=119.90918 
C-H=1.07000 H-C-C=120.00000 C-H=1.08386 H-C-C=120.82859 
H-O=0.96000 H-O-C=109.47122 H-O=0.96265 H-O-C=109.76314 
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H-O=0.9600 H-O-C=109.47122 H-O=0.96615 H-O-C=109.82322 
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C-O=1.39179 C-C-C=120.31110 
C-C=1.40140 C-C-O=120.00000 C-C=1.39725 C-C-O=119.71900 
C-H=1.07000 H-C-C=120.00000 C-H=1.08570 H-C-C=121.24454 
H-O=0.96000 H-O-C=109.47122 H-O=0.96624 H-O-C=109.95496 
    

  
    
  

Fig 8: (1) input and (2) optimized geometries and geometric parameters for (a) hydroquinone (b) p-cresol (c) phenol 
 

(a2)  (a1) 
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During thermal degradation reactions, p-cresol compound converts 
into radicals which are highly reactive to bio-systems and are likely 
to initiate more devastating reactions with body tissues. Scheme 3 
demonstrates the formation of radicals from p-cresol as a result of 
thermal degradation. 

OH OOH

CH2

+H
+ H

 

Scheme 3: p-cresol thermal degradation to radicals 

3.4 Molecular modelling of phenolic compounds 

The energies, molecular structures and vibrational frequencies of 
selected phenolic compounds generated from khat pyrolysis were 
predicted using Gaussian 09 computational package. The optimized 
geometries of the compounds are preseneted in Fig 8. The energies, 
thermodynamic properties, geometry optimizations and frequencies 
were calculated using DFT quantum level of theory using 6-311G++ 
basis set under the Becke’s three parameter Lee-Yang-Parr (B3LYP) 
hybrid function as described elsehere [27]. In order to calculate the 
associated energy change in the formation of free radicals from 
phenols, equation 2 was employed [26]. 

∆𝑟𝑟𝐻𝐻° = ∑(𝜀𝜀0 − 𝐻𝐻𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟)𝑝𝑝𝑟𝑟𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑡𝑡𝑝𝑝 − ∑(𝜀𝜀0 − 𝐻𝐻𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟)𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑡𝑡𝑅𝑅𝑛𝑛𝑡𝑡𝑝𝑝  Equation 2            
where, ∆𝑟𝑟𝐻𝐻° is change in enthalpy of the reaction, 𝐻𝐻𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟 is correction 
to the thermal enthalpy and 𝜀𝜀0 is the sum of electronic and thermal 
enthalpies. 

The estimated energy changes for radicals formed from major phenols 
as a function of pyrlysis temperature is presented in Fig 9. It can be 
observed from Fig. 9 that during the thermal degradation of phenols, 
the endothermicity of the reaction involving the formation of radicals 
increases with increase in whole temperature range. Remarkably, 
phenol transformation into its corresponding free radical (phenoxy) 
was accompanied by the greatest energy change, followed by the 
formation of hydroquinoxyl and methylphenoxy free radicals, 
respectively. 

 

Fig 9: Energy change plots for the formation of radicals from 
phenolic compounds 

3.5 Molecular geometries and their corresponding potential 
energy surfaces 

The molecular structures for selected compounds can be defined by 
geometric parameters that include bond lengths and bond angles that 
determine their inherent bond strengths. Fig 8 gives a summary of 
the geometry parameters for hydroquinone, p-cresol and phenol. 
Comparisons are made between the input and the optimized 
structures. It was noted that p-cresol readily undergoes chemical 
reactions that subsequently lead to the formation of free radicals. 
Some of these radicals form part of the smoked effluent from khat 
which gains entry into the human biosystem. Once inside the human 

body, they are likely to manifest deleterious biological action such as 
cardiac arrest and oxidative stress and can exhibit aromatism that 
may yield environmentally persistent free radicals. 

On the other hand, optimization steps taken in attaining the most 
stable conformation at its minimum energy reveals more information 
regarding molecular stability. It shows the number of steps taken by 
a molecule in order to attain its most stable molecular structure and 
the net inter-atomic forces that exist within the molecule atoms [5]. 
The most unstable structures have the highest optimization steps. 
Accordingly, phenol and hydroquinone had 5 optimization step in 
order to reach their most stable conformations at -307.55 and -382.79 
hartrees, respectively while p-cresol exhibited 7 optimization step at 
-346.24 hartrees. This information confirms the assertion that p-
cresol is more reactive as compared to phenols explored in this study.  

 

 

 

Fig 10: HOMO (1) LUMO (2) for hydroquinone (a) phenol (b) and p-cresol 
(c) and their energies 

 

 

(a1) 

(b1) (b2) 

(c1) (c2) 

(a2) 
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3.6 Molecular orbitals and Electronic properties 

The highest occupied molecular orbital (HOMO)-lowest unoccupied 
molecular orbital (LUMO) energy gap can also be used to predict the 
strength and stability of molecules and consequently the reactivity of 
molecules [5, 28]. The HOMO-LUMO energy profiles for hydroquinone, 
phenol and p-cresol is as presented in Fig 10. Evidently, it can be 
deduced from the energy profiles obtained that the HOMO for 
hydroquinone, p-cresol and phenol is -0.24708, -0.24197 and -0.25319 
eV, respectively at an iso value of 0.02 and singlet spins under alpha 
occupancy. Similarly, the LUMO were at -0.02687, -0.02067 and -
0.02480 eV, respectively. This gives rise to HOMO-LUMO band gap 
energy of -0.17838, -0.22021 and -0.02229 eV, correspondingly 

Phenol exhibited the smallest band gap energy while p-cresol 
exhibited the largest band gap energy suggesting that p-cresol is the 
most unstable phenolic compound and hence more reactive. This is in 
agreement with our earlier suggestion that p-cresol is more toxic 
given that it has a high affinity to human body cells and has the 
potential to induce harmful cell reactions that probably can lead to 
carcinogenesis and mutagenesis. Because these phenolic compounds 
have a high degree of unsaturation, hydroquinone and phenol are 
considered harmful because once they gain entry into the human 
biological system, cyclic transition reactions occur at the region of 
double bonds “diene” where there exists conjugated double pi-bonds 
with the single pi-bond sites “dienophile” comprising of conjugated 𝜋𝜋-
electron system within unsaturated biological molecules that include 
fats and lipids [5]. 

These active sites can be highlighted using electron density and 
contour maps as shown in Fig 11. The electrostatic potential values 
are usually assigned coded colors – green color indicative of sites with 
high positive values where the excitation states are greatest while red 
color indicates points or regions where electrophilic attack is likely to 
occur.  

 

Fig 11: contour maps for (a) phenol (b) p-cresol (c) hydroquinone 

 
Conclusion 

This work has demonstrated that the thermal degradation of khat 
biomass leads to the formation of a number of toxic phenolic 
compounds; phenol, p-cresol, catechol, hydroquinone and other 
substituted methoxy phenols including 3-phenoxy phenol, and 3,4-
dimethoxyphenol. The concentrations of most phenolic compounds 
peaked between 400 °C – 550 °C. Hydroquinone represented nearly 
40% of phenol content reported in this study. Thıs suggests that the 
major phenolic component in khat pyrolysis is hydroquinone, and is 
perhaps the most potent chemical in khat smoking. Other phenolic 
compounds of concern include phenol and p-cresol. The evolution of 
phenolic compounds during the thermolysis of khat is a serious 
concern because of their associated toxicological impacts especially 
among khat smokers. Simulated data has confirmed that p-cresol is 
the most reactive phenolic component. It is evident that some of the 
toxic phenolic compounds such as p-cresol are predominantly 
released from khat pyrolysis and are likely to cause serious biological 
effects in humans. Elemental analysis data of thermal char at 400 ⁰C 
showed that oxygenated compounds dominated at approximately 
43%. This is consistent with evolution of oxygenated molecular 
compounds such as phenols at this temeperature as reported in 

literature. These findings should assist government authorities and 
medical practitioners to design policies aimed at discouraging the 
khat smoking community, and prevent the abuse of khat as a drug.  
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