Int. J. Electrochem. Scil,7 (2022) Article Number 220938 doi: 10.209642022.09.22

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Optimization of Alkali catalyzed hydrothermal carbonization of
Prosopis juliflorawoody biomass to biochar for coppeand zinc
adsorption and its application in supercapacitor

Mothil Sengottiaf, Chitra Devi Venkatachalafn and Sathish Raam Ravichandtan

! Department of Chemical Engineering, Kongu Engineering College, Perundurai, Erode, 638060,
Tamil Nadu, India.

2 Department of Food Technology, Kongu Engineering College, Perundurai, Erode, 638060, Tamil
Nadu, India.

“E-mail: erchitrasuresh@gmail.com

Received3 May 202 / Accepted26 June2022 / Published:7 August2022

Although there are many possible routes for the desorption of pollutants, reusgeamneration of the

used adsorbents, the performance and the adsorption capacity is not restored fully and after several cycle
again the adsorbent becomes a waste and finally an environmental concern. Thus an alternative route f
handle this problem of gposal of used adsorbergspecially for heavy metal adsorption is needed. An
attempt is made to use the biochar obtained from hydrothermal carbonizatfyosobpis juliflora

woody biomass using 5 wt% KOH alkali catalyst. Response surface methodology was used to obtain the
optimum conditions for the hydrothermal carbonization process by changing the process parameters suc
as temperature (2600 0 ) , r e a ¢45 imim)nandtwiaten doading. iB biomass-§mL gl) to
maximize mass yield and carbonization ratio. This biochar produced had good adsorption behaviour for
Cu(ll) and Zn(ll) ions from its aqueous solutions with adsorption capacity of 217.39 anpig149.25

mg g* respectively. The Copper and Zinc adsorbed hydrothermal carbonized biochar were further used
asanactive material for the supercapacitor and it was observed to possess good specific capacitance ¢
144.48 F ¢ and 104.56 F ‘4 respectively. This study sggsts a possible route to utilize the spent
adsorbenasan energy storage material.

Keywords: Used adsorbent, Hydrothermal carbonization, Copper and Zinc adsorption, Supercapacitor
material

1. INTRODUCTION

Supercapaciter act as the energy storage idevthat can store and release a large amount of
energy compared to that of the conventional capacitors and can replace the batteries in near future. The
have a higher power output with high cyclicality and kegn stability[1]. Carbon is the most
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commonly used electredmaterial in forming the electrical double layer (EDL) of electrochemical
capacitors and it is the most preferred material because of its less cost, commercial avaitabltrge

specific surface area. The porous carbon is very much suitable for EDL formation asa latla®f

space chargwith dynamic charge propagation and a good attraction of ions along the por¢2jvalls
Biomass isanaturally abundant renewable resource and it acts as the source of porous carbon. Biomas:
is derived fromboth plans and animad which is rich in carbon and usedtime production of heat and
electricity. They include woody plant wastes, forest residues, wastes from farm crops, algae, industry
wastes and domestic wastg8]. This biomass is converted into biocleanployingthermochemical
techniques such as pyrolysis, gasification, hydrothermal conversion (carbonization, liquefaction,
gasification) and microwave treatmentd the produced biochar has various applicaiiowastewater
treatment, agricultural soil rejuvenation, syngas production, -estesification etc., and its derived
composites are used in electrochemical energy storage materials such as fieipeitapacita, and
batterieq4][5][6][7].

Hydrothermal carbonization (HTC) is the thermochemical conversion of biomass sotia-
phase rich in carboaalled hydrochar or biochar, liquid phase i.e-biband gaseous product rich in
carbondi-oxide ata temperature of 18@ 5 0 and pr-B0sbarunrtiee sudsfiticallwater
environment[8]. The hydrochar obtained from this process had lesscastent compared to that
obtained from torrefaction and it also resultecaiproduct with morea dispersed structurf®]. The
hydrochar showed higher affinity towards dyes and heavy mesdrption when compared with
pyrolysis biochar and this is due to its ion exchange and complexation property, but commercially
available activated carbon showed a higher adsorption capacity compared to the hytiodididr The
main advantage of the biochar obtained from hydrothermal carbonization is that it is very easily
biodegradable witla half-life of 0.7-2.1 years compared to that of pyrolysis biochar which is-49.3
yeass;, and also with biological posteatment (i.e biecomposting), the minimal getoxic and
phytotoxic effect is neutralizeld 2][13]. A maximum yield of biochar of 67.94 % is achieved through
hydrothermal carbonization and with enhanced residence time till 10 h showed significant change in
morphology with better porosifyL4].

Prosopis juliflorais one of the most dominant wessaf thewor | dés 100 most i
and an intelligent survey on climatic suitélp and projective modeling of biodiversity for India
suggests that North, Nortliestern, and Southern India are more vulnerable anthbasost suitable
condition forawide spread of this weed and warns thast#tdangerouspecies need to be managed
the earlies{15]. A survey between January 2018 and July 2019 in the protected areas of three forest
reserve® Guindy National Park, Point Calimere Wildlife Sanctyaapnd Sathyamangalam Tiger
Reserve for spatial detectability and density distribution of blackBuntkope cervicaprashowed that
the alien invasion oProsopis juliflorahas reduced the exteoit grassland, habitat openness and grass
productivity leading to poor living condition for the large herbivores in the rgd®j Another stug
at Point Calimere Wildlife Sanctuary on soil ecosystem showedhbatesence oProsopis juliflora
has decreased the compositiontlod local plant community, soil microbial respiratioend enzyme
activity in the soil and when removed indicated arease in the ground vegetation cover along with
38% increase in the species richndsy. Thus this invasive species can be effectively usesaarce
of biochar.
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Prosopis juliflorahas been used to produce solid biofuetti®following torrefaction at 230 to
310 f or BeBchstalerapparatus argnert atmosphere giving high heat energy between
18.3 and 23.1 MJ kb[18]. The alarming increase of the invasive species in Ethiopia has thd to
carbonization oProsopis julifloraat 30G6 0 O a nid80tmin mtEch @&<lted in charcoal with
a high heating value of 24.43 MJ k@nd has been used carbonneutral alernated fuel for cement
factories[19]. It was dserved that foProsopis juliflorawhen carbonization temperature was increased
from 400 to 700 , the higher heatto3l®0MI&jusimg ( HH
an Improved Natural Draft Retort Reactor and this charcoal can be effgatsed as fuel for smelting
and barbecug20]. The fst pyrolysis ofProsopis julifioraat 4 5 0 afcantinucsis Biade type
reactor resulted in 50% bimil, 31% biocharandtheremaining 19% syngas, in which the 4aib was
tested for FTIR, TGA, G@/S, 'H NMR and'*C NMR and reported to have organiawmounds like
phenolic, carbonyl, furfural and toluene which made it suitable to use as 35% diesel blend with
performance slightly higher than that of the pure fossil digg]. The subcritical hydrothermal
treatment oProsopis julifloraat 2 7 8 , bi o0 mao$20.13 % w/\waradttireeof 6d mina d i n
in a 50 mL hydrothermaldmb resulted in a bioil containing longchain alkanes, amines, carboxylic
acids, ketones and phenf22]. Thus thermochemical conversionRybsopis julifioracan result in high
energydense biochar and byproduct as-bibthat can be used as a diesel blend.

Biomassderived biochar from HTC has required porosity, surface propecbasgyuctivity, and
both physical and chemical stability to use it as an adsorbent and energy storage material. The use ¢
catalysts during HTC enhances the degree of carbonization and grogtter surface characteristics
for the addition of key heteraans that significantly enhances the performance of the bi¢2BH24].
The activated hydrothermal char produced from swine manura wed asn adsorbent to remove
Pb(Il) from aqueous solution exhibitadbetter adsorption capacity of 211.8 mtand also provided
good specific capacitance of 278 aj 0.5 A g' in 6 M KOH electrolyte when used as a supercipa
material[25]. Waste termite biomass on carbonization at 900 °C, &t witha 3:1 KOH catalyst
resulted inanactivated carbon eléode having high specific capacitance of 91.76 Fag0.5 A ¢ lin
1 M H.SOQy and 62.35 Figlat 0.5 A ¢ lin 1 M ionic liquid as electrolyt§26]. The activated carbon
synthesized from oil palm kernel shell was pyrolyzed and KOH activated was studied for
electrochemical performance in three different aqueous digesd M BSQ;, 1 M NaSQy, and 6 M
KOH, and produced a potential difference of 1.0 V, 1.2 V, and 2.0 V respectivelyawigh energy
density of 7.4 Wh/kg with 1 M N&Qy, but shown good capacitive retention for 6 M KGH]. Corn
cob wastes obtained at 1000 °C frangasifier showed higher micropore volume and high specific
capacitance of 130 F ¢(20 mV $ 3 when tested using the 3 and 2 electsodectrochemical
workstation[28].

This study aims at utilizing the alkali catalyzed hydrothermal biochar as an adsorbent for heavy
metals such as dpper and Zinc and the suitability of used adsorbents as active material in
supercapacita
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2. MATERIALS & METHODS

2.1. Materials

Prosopis juliflorawood cutting obtained from Thoppupalayam, Perundurai, Tamil Nadu, India
(Coordinates: 11°16'47.0"N 77°38'.8"E) was cleaned using a blade to remove the exterior branches
and spikes. The dried wood cutting was further broken into smaller piecessgibunded irmhammer
mill. The resulting product with particles of size 1 mm to 0.6 mm that passes through British Standard
Mesh #16 and retained in #2f&sseparated i sieve shaker and packed as 20 grams each air-an
tight polyethylene pouch. Other chemicals reqdiare NaOH, KOH (Merck); HCI, 43O (Surya Fine
Chem, Pune), Zngl CuChk.2H,O (Labo Chemie Pvt. Ltd., Mumbaiand Rubber solution No.4
(Paramount Industries, Chennai). All chemicals used are of analytical grade.

2.2. Experimental Procedure

2.2.1. HTCof Biomass

A typical HTC process of wet biomassisdonara¢ | evat ed temperature o
pressure of 215 MPg and reaction time from 5 min to several ho{#28]. Although te reaction
temperature and time are influencing parametbetemperature is the most prominent and important
parameter that alters the characteristics of the HTC profR@fsThe biomass to water loading in a
typical HTC process ranges from 3 to 10 times the dry mass of bi¢g&igk32]. HTC was performed
with 20 g biomass anaspecified amount of water (4 to 8 water loading in biomass ®lagdifferent
temperatures from 200 to 300 i n eamem@Owere atldo ¢ |
performed with 5 wt% loading of KOH alkali catalgstdtheresultingbiocharis represented as PJ250
KOH HTC denoting that the hydrothermal biochar flBrosopis julifforawa s o bt ai ned at
presence of KOH ahe catalyst.

Kambo. H and Dutta. A[33] identified some of the important parametegspecially for
hydrothermal carbonization like mass yield, and caation ratiowas calculated using the following
Equations. (1) and (2).

0D 0iél Q1 "W (1)
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2.2.2. Effect of process parameters and process optimizationnespgnse surface methodology

Although the parameters temperature, reaction, @me water loading in biomass can be studied
separately, the Response surface methodology helps us to understand both the individual and th
interactive nature otheseparametrs over mass yield and carbonization ratio. Table 1 shows the 17
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experimental runs with 5 central points computedhygefactor Box-Behnken Design (BBD) using
Design Expert 8.0.7.1 software (Skdise, Minneapolis, USA) by fixing th& and +1 levels othe
independent variables i.e Factor Temperature: 200°C and 300°C, Factdr Reaction time: 15 min
and 45 min and, Factori3Water Loading: 4 and 8 mL per g of biomass. In this design, the middle i.e.
0 level is the arithmetic mean of the extremkiga.

A secondorder polynomial equation used to calculate the response surface to all linear, square,
and interaction terms is given as Equation. (3).

Yo | @ | @ | oW - (3

where R is the response fiorass yield (MY) and carbonization ratio (CR) is the intercept
coefficient;U, Ui, andUm are interaction coefficients for linear, quadragied seconarder terms of the
developed model respectively;, andxmi are praess variabled @ndm range from 1 tk); k is the
number of i ndepenidtheetrof3dlar ameters and U

The final model equation for three independent process paranigtees {emperature, reaction
time, and water loading in biomass with the error term is given by Equation. (4).

Y ! o o | 0o o] o | o o (4
| o0 | oo -
The adequacy of the model is also checked witlalysis of Variance ANOVA) and the
interaction of each parameter is also found from thralkes and the significance of terra$ound from
the pvalue which must be below 0.05.

2.2.3. Adsorption studies and characterization of used adsorbent

Adsorption studies were carried out usm§0 mg L aqueous solution of Copper and Zinc
chloride prepared from the standard stock solution. 0.1 g of adsorbent was used to treat 250 mL of the
solution and the equilibrium adsorption studies were carried out at different adsorptendirhg, 3,

60, 90, 120, 150, 24@nd 1440 minaninitial concentration of 15, 30, 60, 100, 200 and 300 mg L
The solution was then filter edwastested gsingdAtemic € m
Absorption flame Spectrophotometry (AAS) to measure the adsorption capacity of biochar and its
removal percentage of Copper and Zinc respectively. The adsorption studies were perfarpt¢dfat

6.0 for Copper and pH of 7.0 for Zincbecausehe adsorbent surface becomes more positive charged
at lower pH and on the increase of pH to 6.0.0 it made the adsorbent surface negatively charged
aiding more removal of M(Il) ionE35][36][37]. The pH adjustment of the initial agueous solution was
done using 0.1 M HCl and 0.1 M NaOH. Once the hollow cathode lamp was lit the system was allowed
for 30 min wam-up and the blank solution was aspirated to set the zero. Adive calibration using

20, 10, 5, 2.5and 1.25 mg [* standard solutions was made and the system was calibrated before
aspirating the unknown samples. The amount of Copper or Zinc ad$yrbeeProsopis julifloraHTC

biochar (PJ256CuUAD and PJ25@nAD) and metal removal percentageas calculated using the
Equations. (5) and (6).
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Where, m (g) is the dosage of biochar adsorbent, V (L) is the volume of solusigmgQ?) is
the initial metal concentration of the solution andi@g L) is the metal concentration of the solution
at the statef equilibrium.

The data obtained at 25 were fitted to i sc
are explained in Equations. {{9). The pseuddirst-order kinetic model, pseuesecondorder kinetic
mode| and factorial power model were usedstudy the adsorption kinetics of Cu(ll) and Zn(ll), which
are given as Equations. (10), (1and (12) respectively.

6 P (7)
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where @ is the adsorption capacity (mghgat equilibrium which is the amount of metal ion
adsorbed (mg-9 at any instant of time, {s the concentration of the solution at equilibriumiax
represents the maximum adsorption capacity and b is the Langmuir consfaist,ti@ initial
concentration of the Cu(ll) and Zn(ll) aqueous solution. The valuad{cates the type of isotherm and
for it to be reversible (K=0), favorable (0< K<1), linear (K.=1), or unfavorable (K>1); k- and n are
Freundlich constants;ak(L mint) is the rate constant of the psetfitst-order adsorption process; k
(L min) is the rate constant of the psetsbwondor der adsor pti on process,
factorial power model.

0.5 g of used adsorbent i.e. the preadsorbed biochar was taken in 100 ml of f5ONad
copper and 0.1 N HCI for zinc with the pH of 2 and shaken at 120 rpm for 6 h. The desorbed adsorbent
was washed repeatedly 5 times with desti water to remove any residual desorbing solution and dried
isplaced intcanaqueous metal solution for the next adsorption da8¢39].

2.2.4. Fabrication oSupercapacitoelectrodes

The used adsorbent collectedaagsidue during filtration was dried at 150°C in a hot air oven;
grourd and stored. ThErosopigulifiora HTC biochar (without catalyst), KOH catalyzed HTC biochar,
Copper adsorbed KOH HTC biochar (CuAD5) and Zinc adsorbed KOH HTC biochar (ZnAD5) powders
asanactive material for the supercapacitor electrode. The working electrode was assembledthlong
Ag / AgClI as reference electrode and Platinum (Pt) wire as counter electrode in a 3 electrode systern
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with 6 M KOH asthe electrolyte to perform the electrochemical anal{$®. The working electrode

was prepared by mixing the active mat eaweight (al
ratioof 40:60. The sermsolid mixture was coated using a brush on a graphite lead electrode, which acts
as the current collector and it was dried at room temperature for 3(4fjinThe electrochemical
properties of this compositeeretested for Cyclic Vaammetry (CV), Galvanostatic Char@escharge

(GCD), and Electrochemical Impedance Spectroscopy (EIS) in a potential rasigh tf 2 V using an
electrochemical workstation (OrigaFlexOGF500, France, potentiosigdlvanostat). Some of the
important eletrochemical terms and formglaepresenting the electrochemical properties are given
below in Equations. (13) to (16).

e 0¢ 0 Qi o0Q ErEME cawod i L Q (1:
OMi " T '
C  YWorewo Q
5 1) & 60 P (1.
i PESamgomme o
R N P T OwWwnww OWeE W (1|
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3.RESULTS & DISCUSSION
3.1. HTGBBD Model fitting

Table 1 HTC-BBD Experimental Runs and Model Responses

Factor T A: Factor 2B: Factor 3C: Actual Actual Actual Predicted
Run Temperature Reaction Time Water Loading Mass Mass Carbonizati Carbonization
Number ( ) (min) (mL g?) Yield (%) Yield (%) on Ratio Ratio
1 200 45 6 57.4 58.34 1.1 1.1
2* 250 30 6 54.45 54.13 1.19 1.2
3 300 15 6 43.1 42.16 1.21 1.21
4 250 45 8 51 50.3 1.2 1.2
5* 250 30 6 53.85 54.13 1.2 1.2
6 250 15 4 51.1 51.8 1.15 1.15
7 300 45 6 36.17 36.44 1.26 1.26
8* 250 30 6 53.69 54.13 1.2 1.2
9 200 30 4 57.1 56.67 1.08 1.08
10 200 30 8 57.2 56.96 1.07 1.08
11 300 30 4 36.84 37.08 1.26 1.25
12 250 45 4 49.8 49.29 1.16 1.16
13 200 15 6 58.1 57.83 1.05 1.05
14* 250 30 6 54.05 54.13 1.2 1.2
15* 250 30 6 54.62 54.13 1.19 1.2
16 300 30 8 38.56 38.99 1.24 1.24
17 250 15 8 52.5 53.01 1.11 1.11

* Central Points
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The process parameters such as temperature
biomasgmL g?) were analyzed, where the experimental mass yield (response 1) and carbonization ratio
(response 2) were determined for the set of process 17 runs in total including 5 central points derived
from the Box Behnken Design of experiments and werededpauits to obtain the mathematical model
whose predicted values are given in Table 1.

The model adequacy was confirmed by fitting the experimental responses i.gi@dhssd
carbonization ratio with four polynomial models namely: linegg@or interactive (2FI), quadratic and
cubic models usinthe sequential sum of squares method and statistics tests where the results are given
in the Model Summary Table 2. The model fitting study suggested that the quadratic model for both
mass yield and carbonization ratio was highly suited for the hydrotherntaintzation study witra
probability pvalue less than 0.0001 and had maximuwakies of 61.24 and 36.39, while the cubic
model was said to be aliasd®k0.0001 suggests that the modedteistically highly significantvith
the chance of being wroriging less than one in ten thous§h?]). Although the cubic model is aliased,
solving such higheorder equationgnvolves afurther more complex process called quadrangulation
and it resulted in many contortiof3].

Table 2 Sequential Model Summary for HTC Response Models

Source Sum of df Mean Square F Value p-value
Squares Prob > F
HTC Model 1i Mass Yield
Mean vs Total 43458.34 1 43458.34
Linear vs Mean 721.60 3 240.53 23.493 <0.0001
2Fl vs Linear 10.37 3 3.4564 0.281 0.8375
Quadratic vs 2FI 118.26 3 39.4084 61.245 < 0.0001
Cubic vs Quadratic 3.88 3 1.2944 8.339 0.0339
Residual 0.62 4 0.1552
Total 44313.05 17 2606.64
HTC Model 2i Carbonization Ratio
Mean vs Total 23.2245 1 23.22
Linear vs Mean 0.06123 3 0.02040 36.089 <0.0001
2FI vs Linear 0.00162 3 0.00054 0.946 0.4548
Quadratic vs 2FI 0.00538 3 0.00179 36.3964 < 0.0001
Cubic vs Quadratic 0.00022 3 7.5E05 25 0.1985
Residual 0.00012 4 3E-05
Total 23.2931 17 1.37018

Thesecondorderpolynomial equations for HTC Models i.e. mass yi@itY') and carbonization
ratio (CR) in terms of coded values:-Temperature, X- Reaction Time, and XWater loading are
given inthe Equations. (17) and (18).

DO VL OCUWD WPQLPH TTOR L TV L QU (D
PR LYW T8 TMAD TBIOO TAULVLYXQUL MPYPCAQ L



Int. J. Electrochem. Scil,7 (2022)Article Number:220938 9
P T WR U

OV PP WM YOoR L TEICWD TEITTOR L T TT QOUD (D¢
MWEO TBIPERUL MICTAQL TP ER L

Table 3. ANOVA for Response Surface Quadratic Models MY and CR

Response 1 Mass Yield (MR)

Sum of p-value
Source Squares df Mean Square F Value Prob > F
Model 850.1995 9 94.46661546 146.8125 < 0.0001 significant
@ -Temperature 705.5646 1 705.5646125 1096.532 < 0.0001
@ -Reaction Time 13.59811 1 13.5981125 21.13311  0.0025
@ -Water Loading in
Biomass 2.44205 1 2.44205 3.79524 0.0924
[AYA) 9.703225 1 9.703225 15.07998  0.0060
[AYA) 0.6561 1 0.6561 1.019659  0.3462
(A 0.01 1 0.01 0.015541  0.9043
A 87.44643 1 87.44643184 135.9023 < 0.0001
@ 3.277327 1 3.277326579 5.093361  0.0586
A 19.45863 1 19.45863184 30.24106  0.0009
Residual 4.504155 7 0.643450714
Lack of Fit 3.883275 3 1.294425 8.339293  0.0339 significant
Pure Error 0.62088 4 0.15522
Cor Total 854.7037 16
Response 2 Carbonization Rati¢CR)
Sum of p-value
Source Squares df Mean Square F Value Prob > F
Model 0.068231 9 0.007581275 153.823 < 0.0001 significant
& -Temperature 0.056113 1 0.0561125 1138.514 < 0.0001
@ -Reaction Time 0.005 1 0.005 101.4493 < 0.0001
® -Water Loading in
Biomass 0.000113 1 0.0001125 2.282609 0.1746
[AYA) 0 1 0 0 1.0000
[AYA) 2.5E05 1 2.5E05 0.507246 0.4994
(A4 0.0016 1 0.0016 32.46377 0.0007
o 0.001181 1 0.001181316 23.96873 0.0018
o 0.002476 1 0.002476053 50.23875 0.0002
o 0.001181 1 0.001181316 23.96873 0.0018
Residual 0.000345 7 4.92857E05
not
Lack of Fit 0.000225 3 7.5E05 2.5 0.1985 significant
Pure Error 0.00012 4 0.00003
Cor Total 0.068576 16

The modelequations (19) and (20) providing the relationship between the process parameters
(temperatureX1, reaction timeXz, and water loading in bioma¥s) and the responses MY and CR
were said to be adequate withv&lues 146.81 and 153.82 respectively from the results obtained from
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the ANOVA as given in Table 3. The second ordeadratic models for mass yield and carbonization
ratio were found to have '#justed RSquared” values (98.79, 98.85)% and "PredicteHgRared"
(92.61, 94.47)%vith less than 10% deviatisuggesting a better model equation can be developed for
the given dataset with minimum erfd®]. A minimum Fvalue was obtained during the lack of fit test

for the quadratic models MY and CR indicatthat they werdraving insignificant lack of fit of 8.34

and 2.5. This denotes that the models were studied relative to the pure error andltleefpm this

test also suggested that there vea3.39 and 19.85 % chance of insignificance for MY and CR
respectively. Thesvalues are large which might be due to noise and thus the models were found to be
fit [45]. The coefficient of determination fRfor MY and CR were 99.47 and 99.5%, which ensured
that there is a satisfactory adjustment of the obtained quadratic models and thus the experimental dat
was said to havahigh correlation witithe predicted values as given in Table 1.

3.2. Effect of process parameters on hydrothermal carbonization

Both theindividualand interaction of the process parameters were studied. Figures 1 (a), (b), and
(c) provides the single factor influence on mgisdd, and Figures 1 (e), (f), and (g) provide the single
factor influence on carbonization yield 8, X2, and X% respectively with other two kept constant.

a) Constant Factors: d) Constant Factors:
T Reaction Time = 30 min 150 + Reaction Time = 30 min
Water Loading to Biomass = 6 Water Loading to Biomass = 6
%01 125 +
8
® 504 0
] 51,00 1
© = 1
T 3
p 40 2
g £
= c 075 +
30 + 6]
20 L4 : : } ' 0.50 i f 1 }
200 225 250 275 300 200 225 250 275 300
Temperature in deg C Temperature indeg C
b) Constgnt Factors: 0 e) Constant Factors:
0T Reaction Temperatgre =250°C 1.50 Reaction Temperature = 250°C
Water Loading to Biomass = 6 Water Loading to Biomass = 6
0T 125 +
. |e— - g g ¢
£ 50 F s &
3 8100 +
= g
E 40 4 <
= E 075 1
30 +
20 \ , , , , 0.50 4 1 : = = =

‘ 15 20 25 30 35 40 45
15 20 25 30 35 40 45

. ) . . Reaction Time in min
Reaction Time in min
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c) Constant Factors: f Constant Factors: .
70 T Reaction Temperature = 250°C 1.50 + Reaction Temperature = 250~C
Reaction Time = 30 min Reaction Time = 30 min

80 T 1.25 *H\i

40 1

-
=)
o
I
T

Mass Yield (%)

Carbonization Ratio
o
9
I3
1
T

4 5 6 7 8

30

0.50 H f \ f }
4 5 6 7 8

Water Loading in Biomass Water Loading in Biomass

Figure 1 a), b), c) Ondactor analysis of HTC on mass yield d), e), f) Gaetor analysis of HTC on
carbonization ratio

From the Figures 1 (a) and (d) it can be observed that the mass yield of the biochar decrease:
while the carbonization ratio increases in the biochar when the temperature is increased from 200 to
300 a eonhstant reaction time of 30 min and water loading in biomass at 6 ‘miSimilar
observéions were made for hydrothermal carbonization of waste wood iamioorease of temperature

from 180 to 260 t he mass yi e38.1446].Thetsame trehdiiso ¢ h ¢
observedn Figures 1 (b) and (e) when the reaction time is increased from 15 to 45 aworatant
temperature of 250 and Weheiaareask iwhardactiorgtiméresultdd i o ma

in decreasef the mass yieldanincrease in carbon contemindanincrease irthe porosity11][47].

From Figures 1 (c) and (f) it can bbeserved that the mass yield and carbonization ratio are aineost
same andrenot affected bythe change in water loading in biomass from 4 to 8 rflata constant
temperature of 250 and r,andncreasdao watert loasimg mighd causé n .
the shift oftheprocess fom carbonization to liquefactipfB8]. From theANOVA results the significant

terms forthe mass yield HTC model werei XXz, X12, X12, and %? while for the carbonization ratio

HTC model the significant terms were, Xz, Xz3, X1?, X2?, and %? with p-value less than 0.0% is

evident that from Figures 2 (a) and (d) when the temperature and reactiavatinereased from 200

to 300 and 15 to 45 min respecti vilglyarbggtivek e e p
effect i.e decrease in mass yield is observed while in contrary maximum carbonization ratio of 1.26 is
obtained for the same condition suggesting the positive effect and both the factors are significant
individually and are more interactias repoted by Mohammed et.§9].
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Figure 2 a),b),c) 3DResponse Surface Plot for Mass Yield; d),e),f) 3D Response Surface Plot for
Carbonization Ratio

The 3D response plots iRigs. 2 (b) and (e) demonstratiee mass yield decreased and
carbonization ratio increased when the temperature and water loadiimgniasbwasincreased from
200 to 300 and 4 to 8 respectively by keepini
was 58.1 % and the more significant factor is temperature and there is less interaction between
temperature and water loading in bi@ss in the given range of study. The 3D response plots in Figures
2 (c) and (f) show that the when the reaction time and water loading in biomass were varied from 15 to
45minand4toLglat constant temperature i.e. 250 a
ratio in such a way that reaction time has a positive effect on carbonization ratio and negative effect on
mass yield with good interaction with-yalue less than 0.05 as confihérom the ANOVA
result$50][51].



Int. J. Electrochem. Scil,7 (2022)Article Number:220938 13

3.3. Optimization of process parameters

Theoptimizatian study for the HTC oProsopis juliflorawas carriedutto obtain the maximum
mass yield and maximum carbonization ratio within the given range of process parameters. The proces:
optimization of parameters: temperature)(Xeaction time (%), and watetoading in biomass (3 was
done by solving the response Equations (19) and (20) for the given process conditions. The desirability
was tested to find the optimum process condition to obtain both the objectives i.e. maximum mass yield
and maximum carboraion ratiq which is more significant when theiemore than one objectij22].
The process parameters, X2, and X were kept in range with fixed importance of "+++", while the
objectives were kept to maximize mass yield (lower limit: 36.17, higher limit: 58.1) and maximize
carbonization ratio (lower limit: 1.05, higher limit:. 26 ) wi th i mportance f++
resultedin 75.9 % desirability ah temperatureof 250.09°C,a reaction timeof 33.65 min and water
loading in biomassf 6.17 %w/v with a maximum mass yield of 53.77 % and maximum carbonization
ratio of 120 as shown in Figure Rather than showing the individual significance of temperature,
reaction time and water loading in biomass towards the implementation of desirability function to the
response surface methodology helped in getisignificant reslt on optimization withagood yield of
biochar (53.77%) and with better carbonization ratio {22) The HTC was performed in triplets for
the optimum conditions and the mass yield and carbonization ratio were confirmed as 53.5 + 1.4 % and

1.2 +£0.04.
45 /

225

w

b

3]
|

0759196
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w
(o]
|

1 T
250 275 300
X1: Temperature
Constant
X3: Water Loading in Biomass = 6

Figure 3. Desiraility contourplot

3.4. Copper and Zinc Adsorption Studies

The alkali catalyzed HTC biochar was charactertzgohorphological characteristics, elemental
metal composition, BET surface ayaad its suitability for acting as an adsorbent were studied.

Adsorption studies were carried out using 250 mL aqueous solution of 60 ppm Copper and Zinc
chloride with 0.1 g ofadsorbent for different adsorption timiee. 15, 30, 60, 90, 120, 150, 246hd
1440 min. The residual concentration of Cu(ll) and Zn(ll) in 60 ppm initial concentration agueous
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solution and respective removal percentage for variousijite 30, 60, 90, 120, 150, 24é4nd 1440

min ) using PJ25&O0OH HTC biochar is illustrated in Figure 5 and it shows that within 120 min about
68.33% of Cu(ll) and 60% Zn(liis removed. The equilibrium concentration of the Cu(ll) and Zn(ll)
adsorption wereneasured at 1440 min which is 12 and 18 ppm respectively. Adsorption studies were
also carried out for different initial concentrations (15, 30, 60, 100a2@B00 ppm)and the respective
adsorption capacity for 0.1agsorbent in 250 mL aqueous sautis determined and plottewdl Figure

4. The adsorption capacity of Cu(ll) and Zn(ll) onto PJR&IH HTC biochar is given in Figure 5.
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Figure 4 Residual concentration of Cu(ll) and Zn(ll) in solution and respective removal percentage for
various tima using PJ25KOH HTC biochar
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Figure 5 Cu(ll) and Zn(Il) adsorption capacity onto PJAS0H HTC biochar for various initial metal
concentration

The equilibrium data were analyzed for PJX80H HTC biochar as adsorbents for both Cu(ll)
and Zn(ll) agueous solutions and investigated using Freundlich and Langmuir isotherms and the
constants are given in Table 4.

It was observed that the adsorption process was a very good fit for Langmuir isotherm and the
maximum adsorption capacity BI256KOH HTC biochar was found to be 217.39 mband 149.25
mg g* for Cu(ll) and Zn(ll) aqueous solutions respectivelis value $ less when compared to
hydrochar produced fromiscanthu® bt a i n e dwitraghaxa$3810mg ¢ for copper adsorptio
but more than that of hydrochar produced fideannochloropsisp. at 2 5@xas lab6nhgd 1q
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[53][54]. While andher studyshows that modified hydrochar Wwifpolyethyleneimine resulted in an
adsorptiorcapacityof 56.1 mg ¢ of Cu(ll) and 207.6 mg-§of Zn(ll) respectivel\j55]. The adsorption
kinetics such as pseudiost-order, pseudaecondorder, and factorial power modeVvasalso studied
and the constants are given in Tablelbch shows that both copper aridc adsorption follows pseudo
secondorder kinetics

Table 4. Isotherm constants for absorption of Cu(ll) and Zn(ll) onto HTC PKXBH biochar

Isotherm Langmuir Freundl i ch
Par ame gnaf{ md?d ¢ KL R? ke( L'Hg n R?
Cu( 11 217. 3 0. 0.99 10. 37 1.89 0. 90¢

frmorm

01
Zn (11 149. 2 0.02:t0.99 12.51 2.24 0. 84¢

Table 5. Kinetic constants for absorption of Cu(ll) and Zn(Il) onto HTC PJR&MH biochar

Kinetic Pseudo First Pseudo Secon Factori al P
Models/ e Ka d R? Qe ko R? K e R?
Parame (.mdY) g (mi)n (mdhH ¢ (miYn (md?h ¢

Cu(ll 38203 0.02 0.95 121 3439 0.99 19.9 0.30 0.80
Zn(1l1 33790 0.02!/0.98 107 3850 0.99 15.8 0.29 0.73

The desorption studies were performed for both PRIAH8D and PJ25ZnAD and it was found
that for every subsequent cycle of reused biochar efficiency deci&&$ed was found that for PJ250
CuAD the Cu removal percentage reduced from 80% to 70.2% and for-Edi2&D the Cu removal
percentage reded from 73.33% to 59.5% after 5 cyclegedfycing and reuse. Thus there is abaut
12-19% reduction in the efficiency and these adsorbents (F3BMD5 and PJ25@nAD5) are hence
not advised to be further used for the adsorption protessevident that the reusing of adsorbent
reduces its efficacy during reuse but can produce a substance thaappiytid some other application
i.e. mercury adsorbed super adsorbent useacasalyst forthe transformation ophenylacetylene to
acetgphenonewith a yield of 52% and Cadmium adsorbed fash composite material used as
photocatalyst for methylene blue dye degraddtati[58].

K
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Figure 6 HTC-PJ250KOH Biochar a) SEM Analysis Image b) EDAX spectrum
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Figure 8 Prosopis julifloraKOH catalyzed HTC adsorbent produced at optimum conditions a) SEM
analysis after Copper adsorption b) EDAX and mapping after Copper adsorption ¢) SEM analysis
after Zinc adsorption d) EDAX and mapping after Zinc adsorption

The morphological surface of HTC char (PJ250), KOH catalyzed HTC char @RI28) Cu
adsorbed (PJ25CuAD5) and Zn (PJ25@nAD5) adsorbed biochar derived frdPnosopis juliflorais
illustrated in the Figures 6 (a), 8 (a) and (c) respectively. The porekded on the PJ2%0eprimarily



