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Crystal violet (CV) dye is a water-soluble, toxic, recalcitrant organic dye that causes se-
vere health problems and environment pollution. The current study assesses the potential
of Waste Coffee Husks (WCH) in adsorption of crystal violet (CV) dye. Batch experiments
were designed to determine the effect of pH, dye concentration, adsorbent dose, and con-
tact time in dye removal. Result revealed that removal of CV was highly favored by lower
temperatures and acidic medium. Dye removal per unit mass of WCH increased with in-
crease in contact time, dye concentration and surface area. At ambient temperature, the
maximum adsorption efficiency of up to 94% was achieved within 10 min at pH 3. Adsorp-
tion capacity of Waste Coffee Husks was found to be 12.0360 mg/! for initial dye concen-
tration of 12.2394 mg/l at 25°C. The experimental data followed pseudo-second-order ki-
netic models indicating that dye adsorption was controlled by chemical process involving
valence forces through sharing or exchange of electrons between CV dye and WCH. Ad-
sorption equilibrium data followed Freundlich and Langmuir isotherm models. Gibbs free
energy (AG°) of the system showed increasing spontaneity with temperatures while pos-
itive entropy value (AS°) implied random disorder of molecules featured at solution/solid
interface. Negative enthalpy value (AH°) confirmed exothermic nature of this adsorption
process. These results demonstrate that Waste Coffee Husk are cost-effective, eco-friendly
and low-cost bio renewable material for dye removal in industrial effluents.
© 2019 The Authors. Published by Elsevier B.V. on behalf of African Institute of
Mathematical Sciences |/ Next Einstein Initiative.
This is an open access article under the CC BY license.
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Synthetic dyes are enormously used to impart colour to the substrates in the textile, plastics, pharmaceutical, paper,
printing, rubber, leather, paint, cosmetic, food, pulp and paper industries [1-3]. Increased demand and applications of syn-
thetic dyes in chemical based industries has led to discharge of highly polluted wastewater resulting in health problems and
environmental pollution. It is approximated that about 10-15% of the dyes utilised in textile dying process do not bind with
the fibres and are discharged into the environment [1]. As a result, more than 50,000 tons of organic dyes are disposed in
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Fig. 1. Chemical structure of crystal violet (CV) dye.

the environment yearly from dyeing processes globally. Dyes are noxious, carcinogenic and mutagenic which makes them
hazardous flora and fauna. Furthermore, presence of the dyes in aqueous ecosystems even at low concentrations dimin-
ishes photosynthetic phenomena by preventing light penetration thereby deteriorating the water quality, gas solubility and
destroying aesthetic value of water [1].

Crystal violet dye (Fig. 1) is a tri-phenylmethane dye (IUPAC name: N-[4-|bis [4-dimethyl-amino)-phenyl]-methylene]-2,
5-cyclohexadien-1-ylidine]-N-methyl-methanaminium chloride) is known to be carcinogenic, mutagenic but still extensively
used in commercial textile operations, biological staining and as a dermatological agent [4]. The dye can be absorbed in
harmful amounts through the skin and cause skin irritation and digestive tract irritation. Exposure to the dye may induce
moderate eye irritation and painful sensitization to light [4]. In extreme cases, it may lead to respiratory complication,
kidney failure and permanent blindness [5].

Treatment of azo dyes in wastewaters is a great challenge because these dyes are believed to be electron deficient xeno-
biotic compounds with complex structure which make them resistant to degradation. Conventional treatment methods such
as biological degradation, precipitation, photocatalytic, adsorption, membrane filtration, chemical oxidation, coagulation, floc-
culation, ion exchange, ozonation, irradiation and solvent extraction have been investigated with varying degree of success
in dye removal [6,7]. They have certain disadvantages, including high investment and operating costs, inefficiency in dye
removal and the need for appropriate treatment residual dye sludge [8]. Adsorption remains one of the most widespread
treatment technique because of its simplicity, low cost and efficacy [9]. The commonly used adsorbent is activated carbon,
but its high cost of activation make it less economically viable as an adsorbent [10]. This has led many researchers to search
for cost effective alternative materials such as Fe,03@Ce0Q,-ZrO,/palygorskite composite catalyst [11], smectite rich natural
clays [12] graphene based nanomaterials [13], modified tea leaves [14], biochar chitin [15], poplar sawdust [16], macadamia
nutshell [17] and root of Eichhornia crassipes [18].

Agricultural bio-wastes are continuously being explored for removal of dye from wastewaters due to their abundance,
high carbonaceous contents (cellulose, lignin and hemicelluloses) and high affinity towards sequestering organic molecules.
In addition agro-materials possess favorable chemical and physical qualities for dye adsorption, require few or no processing
before use [19]. Waste Coffee Husk (WCH) belongs to this category of agricultural by-products. WCH residue is the main by-
product obtained from a coffee scrub, a cash crop that is cultivated in over 80 countries across the world. During processing
of coffee beans, huge amounts of coffee husks are generated. It is estimated that 0.18 ton of the husks are generated per
every ton of harvested coffee fruits [20]. The waste husk residue has limited uses and their accumulation at milling sites
poses negative impact on environment. Efforts to find an alternative technology to exploit Coffee husk in solving environ-
mental mess is gainful given its abundance across the globe. In this study, the efficacy Coffee husk in the removal of CV dye
was investigated and factors affecting batch adsorption process optimized.

2. Materials and methods
2.1. Preparation of the adsorbents

Waste Coffee Husks were collected from Roret coffee factory, Kericho County, Kenya. Suspended impurities were removed
through extensive washing with tap water then sun dried for four days. Dried husks were crushed into fine powder using
Lab Ball mill before washing several times with distilled water. Clean powder was dried in an oven at 60 °C until it attained
constant weight. The adsorbent material was sieved through standard sieves to obtain particle sizes between 0.15 - 0.3;
0.3 - 0.6; 0.6 - 1.118; 1.118 - 2.36 and 2.36 - 4.75mm in diameter for adsorption studies.

2.2. Adsorbate solution

Crystal violet, (C5H3gN3Cl) (CI Classification number: 42,555; CAS number: 548-62-9) was purchase from Ranbaxy Fine
Chemicals Limited, Nairobi, Kenya and used without further purification. Stock solutions of the dye containing 1.0 g/l were
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Fig. 2. Effect of initial dye concentration on adsorption of CV dye (WCH: 0.25g, 50 ml; Temp: 25 °C, pH 4).

prepared by dissolving appropriate weight of the dye into double distilled water. Dye solutions for batch experiments were
prepared from the stock solution by suitable dilution. Initial pH was adjusted using either 0.1 NaOH or 0.1 M HCL

2.3. Adsorption experiments

Batch experiments were contacted in 250 mL Erlenmeyer flask placed on a mechanical shakers agitation at 140 r.p.m
until the equilibrium was reached at 25°C. All the experiments were done in duplicate and average value reported. Fixed
amount of adsorbent was mixed with 50 ml of aqueous dye. After different time intervals, aliquots were drawn from reac-
tion mixture and remaining CV dye concentrations determined using UV/Visible spectrophotometer at maximum wavelength
(Amax =580 nm). Effect of contact time was determined using 0.5g WCH, and 50 mL CV dye solution mixed in 250 mL flask
placed on a mechanical shaker. Samples were drawn from the flask at various intervals and analysed for residual CV con-
centration. The adsorbent dose was investigated using 12.2394 mg/l initial CV dye concentration with sorbent masses of 0.1,
0.25, 0.5, 0.75, 1.0, 1.25 and 1.5g. Dye adsorbed per unit mass of the adsorbent g, (mg/g) and the extent of adsorption (%)
was calculated using Eq. (1).

g = W) (1)

Where C, and C, are the initial and the equilibrium CV dye concentrations (mg/l), V is the volume of solution (L) and W
is the amount of WCH used (g). Percentage dye removal (%) was calculated using Eq. (2);
G -C)

G
Adsorption kinetics was determined using different initial CV dye concentrations at 25°C by altering the contact time.
0.5g of WCH of particle size 0.15-0.3 mm was mixed with 50 mL CV dye in a 250 mL conical flask agitation at 140 rpm. After

10 min time interval, 3 mL were withdrawn, from the conical flask, residual CV concentration determined and then returned
back in the conical flask to restore the initial volume.

% Removed = x 100 (2)

3. Results and discussion
3.1. Effect of contact time and initial dye concentration

The period of contact between the biosorbent and biosorbate is crucial in costing when designing a biosorption system
for large scale application in an industry. The impact of contact time on the adsorption of CV dye by WCH was examine
at different initial dye concentrations ranging from 2.448 to 12.239 mg/l at 25°C and pH 4. Generally, dye uptake increased
with increase in time. The rate of dye removal for the studied concentration was rapid in the first 10 min before attaining
equilibrium at about 30 min (Fig. 2). As time progressed, adsorbent’s surface was occupied by dye molecules, became satu-
rated and could not take up any amount of dye [21]. High initial rate of CV removal was due to availability of more vacant
binding sites on the adsorbent during the first few minutes. The results shows that the time needed to attain equilibrium
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Fig. 3. Effect of adsorbent dose on CV dye removal (dye conc: 12.2394 mg/l; 50 ml, Temp: 25 °C, pH 4).

ranged between 20 and 40 min. Adsorption efficiency of 98% was achieved at equilibrium when 12.239mg/l CV dye con-
centration was used. These findings agreed with related studies on CV dye removal from aqueous solution using pineapple
(Ananas comosus) leaf powder [22] where dye removal increased with increase in contact time.

It was noticed that the amount of dye adsorbed increased from 1.924 to 12.0611 mg/l when the initial dye concentration
increased from 2.448 to 12.239 mg/l respectively. This may be ascribed to the increased concentration gradient acting as
an increasing driving force to overpower all mass transfer resistances of the dye molecules between the solid and aqueous
phases, leading to an increase in equilibrium sorption till attainment of saturation [23]. However, the efficiency declined
with increase CV dye con-centration. Faster saturation of active adsorption sites on the surface of WCH when high dye
concentration is used could rationalize this observation.

3.2. Effect adsorbent dose

Adsorbent efficiency in treatment of polluted wastewaters mainly depends on the number of active adsorption sites avail-
able on adsorbent. The quantity of adsorbent applied in the adsorption process is crucial because it dictates the sorbent-
sorbate ratio in the process and also in cost forecasting [23,24]. The influence of WCH dose on adsorption of CV dyes was
investigated using dye concentrations of 12.239mg/l and WCH dose ranging from 0.1g to 1.5g. The results revealed that
the percentage of CV dye adsorbed increased with increase in WCH dose and also the time needed to attain equilibrium
decreased when high doses were employed. Increase in dye removal with increase in WCH dose can be attributed to in-
creased adsorbent surface and accessibility of more adsorption sites [25]. However, when adsorption capacity of CV was
expressed in mg adsorbed per gram of WCH, the capacity decreased with the increasing amount of sorbent (Fig. 3). This
may be attributed to overlapping or aggregation of adsorption sites resulting in a decrease in the total adsorption surface
area available to the dye and an increase in the diffusion path length [26]. The result shows that available surface sites for
small dosages were sufficiently covered by dye molecules in solution. Similar findings have also been proposed by Etim et
al. in his studies of removal of cationic dye from aqueous solution using Coconut coir dust as a low cost adsorbent [26].

3.3. Effect of particle size

Dye removal from aqueous solution is proportional to the surface area available on adsorbent. The impact of particle
size on removal of CV was studied using initial dye concentration of 12.2394 mg/l and different particle sizes of the WCH.
The results depicted in Fig. 4 indicate that the percentage dye adsorbed reduced with increase in particle size. The highest
sorption percentage of (96.082%) was realized at equilibrium for the finest powder (0.15-0.3 mm) as compared to 89.854% for
biggest particle size (2.36-4.75 mm). The large surface area on small particles sizes was responsible for higher dye removal
as compared to small surface area in large particles sizes.

3.4. Effects of initial pH of solution
pH plays a critical role in controlling the charge on adsorbent surface, the magnitude of adsorbate ionization and dissoci-

ation of different functional groups on the adsorbent [27]. The effect of Initial pH effect on CV adsorption in was evaluated
results presented in Fig. 5. The optimum removal from the aqueous solution was achieved at pH 3. The amount of dye
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g. 5. Influence of pH on the removal of CV dye. (WCH: 0.25g; 50ml; dye conc: 12.2394 mg/l temp: 25 °C).

adsorbed by WCH reduced gradually with increase in pH till pH 8.0, after which there was a slight decrease in adsorption.
This trend can be attributed to increased negative charge density on adsorbent surface in acidic pH media [28], resulting in
attraction between the positively charged CV dye molecule and WCH. As the pH increased, the surfaces charge density on
the adsorbent declined, resulting in electrostatic repulsion from the positive charge of the dye molecule [29].

3.5. Effects of temperature

Temperature plays key role in adsorption process because it influences mobility and solubility of dye molecules in aque-
ous solution and surface properties of adsorbent. In addition, increase in temperature result in an increased rate of diffusion
of the adsorbate molecules across the external boundary layer of the adsorbent particles and inside their internal pores,
accompanied with reduced solution viscosity [30]. Effect of temperature on the adsorption of CV dye was investigated and
the results displayed in Fig. 6. The result shows that the adsorption of CV dye onto WCH was an exothermic process where
rise in temperature prompted diminished adsorption. For example, at 25 °C, 2.0238 mg/g of dye was adsorbed as compared
to 1.3235mg/g at 85 °C. This observation may be due to weakening of binding forces which helps in detachment of dye
molecules from the surface of adsorbent causing in reduced adsorption at elevated temperatures [31]. This observation is
similar to the results obtained when CV was adsorbed on to mango stone bio-composite [32] and on palm fiber [29] where
the adsorption process was found to be exothermic.
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Fig. 6. Effect of temperature on the adsorption of crystal violet. (WCH: 0.25g/50 ml, dye conc: 12.2394 mg/l, particles size: 0.15-3.0 mm).

Table 1

Kinetic modelling data for the removal of crystal violet dye by Waste Coffee Husks biomass.
Crystal violet dye Pseudo-first-order kinetic parameters Pseudo-second-order kinetic parameters
concentration (mg/1) 1 1 PR 5 1 PR >

Qeexp (Mg g71) Qecal (Mg g71) ki(g mg~! min~1) R Qecal (Mg g71) ka(g mg=! min~") R

1.224 0.030 0.023 0.004 0.005 0.030 0.0001 0.992
3.672 0.406 6.761 0.048 0.768 0.410 0.155 0.999
6.120 0.589 9.099 0.030 0.013 0.591 2.520 0.999
11.016 1.220 5.848 0.048 0.771 1.227 2.962 0.999
12.239 1.368 4,406 0.037 0.299 1.397 0.495 0.999

3.6. Kinetic studies

A cost-efficient adsorbent for removing of contaminants in waste water should not only have massive adsorbate capacity
but also a rapid in sorption. The cost and performance of an adsorbent and the mode of application are always key factors
in controlling process efficacy [4]. The experimental adsorption kinetic data was modelled using pseudo-first order [33] and
pseudo-second order [34]. These two models are broadly employed in adsorption processes to examine controlling mech-
anism of adsorption process such as adsorption surface, chemical reaction and/or diffusion mechanisms [35]. The integral
form of pseudo-first order kinetic model can be presented by Eq. (3).

Log (ge — qr) =log qe — 2.2% 3)
where k; is the rate constant of pseudo-first-order adsorption, ge and q; are the amounts of CV adsorbed by WCH at equi-
librium and at time, t, respectively. Plot of log (ge—q;) against time (t) resulted in curves with lower correlation coefficients
(R? < 0.77) as summarised in Table 1. First order mechanism is unsuitable since the values obtained for g, from the graph
showed a huge deviation with the experimental data. Experimental data were further subjected to pseudo-second-order
kinetic model to evaluate adsorption kinetics of CV dye on WCH. The pseudo second-order model is given by the Eq. (4).

t_1 1.t (4)

@ k2 g2 Qe
where k; is the rate constant for pseudo-second-order adsorption (gmg—'min~1), g and q; are the quantity of CV adsorbed
(mg/g) at equilibrium and at time ¢ (min) respectively. The plot of t/q; vs t of Eq. (4) gives a linear line, from which, g, and
ky can be calculated from the slope and intercept of the plot. Fig. 7 displays pseudo second - order kinetics graph for the
adsorption of CV dye by WCH at different initial dye concentrations.

The graph shows that experimental had a good fit to Pseudo-second-order kinetics model with higher values of corre-
lation coefficient (R? > 0.99). The rate constants, anticipated equilibrium uptakes and the corresponding correlation coeffi-
cients for the tested concentrations were determined and presented in Table 1. The high concurrence between calculated
and experimental values proves that the adsorption of CV onto WCH perfectly followed pseudo second order kinetic model.
The result suggest that the overall rate adsorption process was controlled by chemical process involving valence forces
through sharing or exchange of electrons between dye and adsorbent [23]. Similar adsorption kinetic behaviour for pineap-
ple leaf powder adsorbent [36], mango stone biocomposite [32] and formosa papaya seed powder [37] for crystal violet has
be reported.



G.K. Cheruiyot, W.C. Wanyonyi and JJ. Kiplimo et al./Scientific African 5 (2019) e00116 7

4000

3500

3000

5500 +1.22394mg/l

A3.67182mg/l

£ 2000
¥6.1197mg/1
1500 12.2394mg/l
1000
500

0 Sl ‘« == . ‘
0 20 40 60 80 100 120
Time (min)

Fig. 7. Pseudo-second-order kinetics plot for the adsorption of CV dye on WCH.
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3.7. Equilibrium studies

Adsorption properties and equilibrium data, frequently referred to as adsorption isotherms, outline how adsorbate
molecules interact with adsorbent and so, are important in optimizing the use of adsorbents [35]. Isotherm models ex-
press the distribution of dye molecule between the solid phase and liquid phases the thus providing qualitative information
on the position of equilibrium in the adsorption process. Experimental adsorption data were subjected to Langmuir [38] and
the Freundlich [39] adsorption isotherms to evaluate adsorption of CV on WCH. Langmuir isotherm model infers that the
adsorptions occur at specific homogeneous sites on the adsorbent and is used successfully in many monolayer adsorption
processes. The linearized forms of Langmuir isotherm is given in Eq. (5):

r_ 1t .1 (5)

ge  bCeqo  qo
where ¢, (mg/l) is the dye concentration in the solution at equilibrium, ge (mg/g) is the amount of dye adsorbed per unit
mass of adsorbent at equilibrium time, g, (mg/g) and b (I/mg) are the Langmuir constants related to maximum monolayer
adsorption capacity and energy of adsorption that is affinity of binding sites respectively. These values are determined from
the slope and intercept, respectively, of the plots of 1/g. versus 1/c.. Further, separation factor which is defined below was
also applied to get insights of the isotherm.

1
T 14 bCy (6)
where ¢, (mg/l) is the initial dye concentration and b (I/mg) is the Langmuir constant. Four R; scenarios are possible for any
adsorption: R; > 1 (unfavourable), R; = 1(linear), R, =0 (irreversible) and 0 <R; < 1 (favourable) [40]. Fig. 8 represent a plot
of 1/qe versus 1/C. for the adsorption of CV onto WCH and the correspondent Langmuir isotherm constants are tabulated
in Table 2. The experimental data showed a good fit to Langmuir model with high correlation coefficient (R = 1) indicating
that the model was appropriate to describe the adsorption process of CV onto WCH. Langmuir constant associated with
adsorption energy of the system was at minimal suggesting spontaneous nature of the process while linearity was confirmed
by separation factor, R;=1.

Experimental adsorption data were also analysed by Freundlich isotherm model. The model assumes multilayer adsorp-
tions on heterogeneous adsorbent surface. The linearized form of the equation is give as:

Ry

Inge = Ink; + %lnce (7)

where ¢, (mg/g) is the amount sorbate per unit weight of adsorbent used, c. (mg/l) is the equilibrium concentration of dye
in the solution, k; (I/g) is Freundlich constant, representing the adsorption capacity and n is the Freundlich exponent that
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depicts the adsorption intensity (dimensionless). The magnitude of the exponent, 1/n, gives an indication of the favourability
of adsorption. Values of n > 1 represent favourable adsorption conditions [40]. Values of kf and n are calculated from the
intercept and slope of the plot of In g against In C,. Fig. 9 shows a plot of In g, versus In C, for the adsorption of CV onto
WCH and the corresponding Freundlich isotherm constants summarized in Table 2. The results suggest that CV dye was
favourably adsorbed by WCH with high values of the correlation coefficient (R2=1) indicate that the Freundlich isotherm
has been best fitted for the adsorption of CV dye on WCH. It is noteworthy to point out that experimental data fitted
well both Langmuir and the Freundlich adsorption isotherms models indicating that both models are suitable for describing
the adsorption equilibrium of both the dyes in the studied concentration ranges. Similar patterns has been reported in the
biosorption of reactive dyes by dried activated sludge [41].

3.8. Thermodynamic analysis
The thermodynamic behaviours for adsorption of CV on WCH was investigated. Thermodynamic parameters such as Gibbs

free energy, AGO, (kJ/mol), enthalpy change, AH®, (kJ/mol) and entropy change, AS?, (J/K/mol) were calculated using the
following equations

AG®° = —RTInkg, (8)
AG® = AH° — TAS® (9)
Inky = —[AH°/RT] + [AS°/R] (10)

where kq is the distribution coefficient for adsorption expressed as k; = Cgolid/Ciiquids Csotia and Ciiquia (mg/1) are the con-
centrations of solid and liquid phase respectively at equilibrium. T is the absolute temperature in Kelvin and R is the gas
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Table 3
Thermodynamic parameters for CV adsorption onto WCH.

R? AGe (kJ/mol) AHe (kJ/mol)  AS° (J/K/mol)

0.770 25 °C 35°C 45 °C 55 °C 65 °C 65 °C
-0.002 -0.002 -0.003 -0.003 -0.004 -0.004 -5.856 21.184

constant (8.314] mol~! K1) Experimental data, after 10 min which was considered time of active adsorption was used for
this study. Values of AH° and AS° from slope and intercept, respectively, on Van't Hoff equation plot of In k; against 1/T
(Fig. 10) were calculated, and then AG° obtained. Table 3 summarizes the variations of the thermodynamic parameters for
the adsorption of CV on the WCH. AG° values were all negative as implying adsorption was favourable and spontaneous.
Negative value of AH° (slope) further confirmed the process was exothermic. Magnitude of enthalpy value is also indicative
of adsorption mechanism. It suggests adsorption mechanism by physisorption through van der Waals if less 20k] mol~! or
electrostatic type of forces between dye and adsorbent if it falls between 20 and 80k] mol~! [42]. This also inferred others
mechanisms such as van der Waals played some part during CV removal by WCH. Positive value of AS° showed some dis-
order and randomness associated to the sorption process at sorbent/sorbate interface. Similar results have been reported on
the adsorption of CV dye onto date palm fiber [29].

4. Conclusion

The study revealed that WCH is indeed viable, affordable adsorbent for the adsorptive removal of CV dye from contam-
inated wastewater with over 98% dye removal. Batch studies consideration of operating conditions such as contact time,
biosorbent dose, particle size, initial concentration, pH and temperature showed varied influence on adsorption process.
Highest CV dye removal was recorded at 25°C and pH 3 using smallest particle sizes of 0.15-0.3 mm and adsorbent dose of
1.5 g. By examining correlation coefficients, excellent linear fits was observed for Langmuir and Freundlich isotherm models
applied and this explained CV removal by WCH, assumed both monolayer and multilayer adsorption WCH surface. Further
information derived from kinetic studies revealed pseudo-second order kinetic model was in better agreement compared to
pseudo-first order kinetic model. Thermodynamically, CV adsorption onto WCH displayed spontaneity and feasibility basing
on the value (negative) of AGO. It was also exothermic in nature. These findings demonstrated that WCH is suitable and
efficient adsorbent for removing CV from contaminated dye wastewater. Thus, the present study concludes that WCH could
be employed as a low-cost and eco-friendly adsorbent as an alternative to the current expensive methods of removing dyes
from wastewaters.
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