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1. Introduction

Between January 2B2andthe begnning of March 2023 | conduded afull-time internshp at DOPS Recycling
Technologes bv. At the time of myinternship, DOPSvasa youngstat-up which ha been foundedwo years prior
(April 2021), and by the time | started my internstie four founders @re in theprocess of constrtiog thelaboratory
scale testeactor which eventually came into operatianid-way through March 2023%hence after the end of my
interndip).

The presentdocumentncludesthe reflections conceing theemploying company (Section 2) and personiarning
goals Section 3) A technicalreportincludingthe results of my internship assignmienalso ncludedin this report

Before starting the reflectiohwould like to spend some wordd thanks to my supervisas.

Firstly, | would like to thankthe companyeam, Roelandan Dijkhuis Harmen OterdoomWiebe PronkeandMichiel
Spitsfor welcomingme to join the project anafferingme the opportunity to have this enriching internship experience.
I would like to extend a special thanksrty dayto-day supervisokViebe Pronkerfor his gudance and advice that
helped mestay onthe right workingtrackandnavigatethe challengesf the internshipas well as the bright ideand

tips whichwere bothnformative and insightful to help me gf®athe internship.

Lastly, | would like to thank myuniversity supervisor Merle de Kreuk for being interested in supervisingXpesience
and providing essential advice and guidaneerfy laboratory wdt and inthe internship agreement writing pb&



2. Company reflection

Company vision anwlork

DOPS Recycling Technologies bv is currently developing the Direct Carbon Immobilizatiof jRi&rmochemical
conversion technology fan innovatve and sustainable approat¢o wastetreatmentand management.heir vision
focuses on theecovery of energyraw materialsand valudle resourcegrom wastefor meaningfulreuse in industries
thus minimizing the enviramental impacbf wastewhile creaing ecanomic value.

Regarding the esironmentl impact the DCIM technology which is being developearks by onvertingwasteand
biomassnto syngas andequesteredarbon The carbon material obtainedclean and safe t@usein industries such
as watertreatment whilst the syngas cabe used to replacergin fossitbased materiald-urthermore, lte DCI™
technobgy contributesto minimizing the impact of wage production andhe issues connected to currentsiea
managenent techniques, such as the carlioxide emissions from incingion and the methanemissions from
landfilling.

From the econmic point of view when adopting th DCI'™ reactorcompanies can recoverlualdle material from the
waste generated by theiwn process, thus effectivetyarsformingtheir waste ito value and creating a new source of
revenue Smultaneousy, the technology allows companies teduce her reliance onexpensivewaste disposal
techriques Furthermoe, he DCI™ techologycantreat heterogeneouasnd pollutedvaste stremsin the same reactor
makingthetechnolog easy tooperate

These are important aspects for the future developnigraste treatmergnd managemeandassuch DOP$s aiming
at establishing itself in the waste management market by segdrtgershipwith companiesind municipalitiesvhich
arefocused omreducingtheir carbon footprinand daeveloping a circular economy throughmore sustainabbnd cost
efficient management of wast®/asteto-energy plarg and imustriesfocused on resouraecovery ae alsopotential
stakeholder$or the DCI™ reactor

DOPStechnology andision arewell-aligned with thecurrent needs of thmarket where the denmal for innovative
sustainableand costeffectivesolutiors far thewaste issuare on theise.

Company aanization

By thetime | started my internshipDOPS was young stadup with its headquarteiig the irdustiial centreof Velsen
Noord, in the province oNorth Holland,and anoffice in thetechrology incubatorYes!Delft located in Delft,South
Holland The office at YedDelft is howevemotregularly attended byhe teamwith the headquartexin VelsenNoord
beingthe main meetingpcation At DOPS theschedule for each team memixedifferentevery weekdependingon
the specific role andprojects Thesewould involve meeting with potentialclients, partners,or stakdwolders which
would take place either RYOPSoffices at the partnés location, or online. | hathe possibility to attend a few of these
meetingsthroughout my inteship including the meting with SNB (NV Slibwerking NoordBrabanj, a company
which dealswith the treatment of sewe sludgeand AVR which deals witlthe treatment of different types of residual
waste.Both arepotential fuure clients for P tecology, ard attending these meetisgprovided me with ra
interesting insighon the comjanyds business outlook and hoOPHfounders effectively communicatke benefits
and advantages of their innovatitechnolog to potential clientsSeeing tle inter&tion between a engineering
conmpanyand potentiatlientswasaninterestingexperiencdor me as a firstunderstandingf the bisiness world and
how it connects to engineerinfgurthernore, attending these meetings allowed me to gdintterunderstading of the
currentchallengesandneedsn the waste management inttysand howDOP Stechnolay aids in facing these.



The fourfoundes of DOPShad extensive experiere in different fields andht different types of corpaniesbefore
starting their work aDOPS. As a result, had the feeling that albdieing a startip, organizationalise DOPSwas
quite structured considering its young agjed comparé to other startps which | have encounteredfound the
technology tself also quite complex and detded, which | alsoattributedto the experiencef the foundersThe four
founders had divided theles betweerthemin the technicalpart and the business/econmical part, am when they
would attendmeetings with dter companies to present the DClechrology, thee would always be amrepresentative
of each role presenthedifferent roles emerged dag the weekly meetings thedecisionmakingprocess andould
sometimes lead to challges to reach a aamon viewpointAt thesame timethe diversitym thefoundeis backgrouns
contributed to the different perspectivasd appraches in problersolving, ensuring wellinformed decisions by the
end.

Working environment

As mentiored, the schdule at DOPS wasersatile which kept every weekxeiting and gnamic One constanh the
teants weelly routine was the congmy meetings every Monday at the Veléoord headquarterdHere, the |an for
the week and the updates on ongoing projects were discéssad.intern, | also participated in theseetingsand
this helped me gaia betterunderstadingof the compawnGs operationstrategiesandstruggles

As a smalistartup, the workingenvironmentat DOPS is very homogeneous, being finendersall Dutch men. As
anticipatedI did nd find thisto be a lmitationto theideas and creativitgf the t&m, owing to the different bagkound

of the founders This wasalsomy first internshp experiencetherefore| do not have vaiable comparisons measures
with a more heterogenotmsam As anon-Dutchintern, | did face some strugglesgith not knowing thenative language,
although | donot find that his hanperedthe outcomeof my internsip. | did struggle more with the fathatnone of
the founders we stridly operative irmy sectoywhich sometimesnadethe reflection a resultschallenging. However,
this was also overcome by the supponmngfuniversity professors.

Throughow my intern$ip, the only officel visited wasthe onein VelsenNoord, and theast of my inernship was
conducted in the Waterlath TU Delft The labscale reactor was noperationalet, soto produce morearbon material
for my labordory experiments|, had theopportunityto visit the laboratdesat Gouda Refract@sand make use of their
furnaces | was alsofortunate enogh to receivea tour of Gouda Refractoriesvhich alowed meto visit a well-
establishedompany andeeits full manufacturingprocess.

Towardsthe end of my iternship, the lalscale reactor came intperationat the InVesta Expertise Centrum in
Alkmaar. | therefore had the opportunity to witnetbis important milestone for DOPS was ableto seethe first
experimentsconducted on the netgchnology andeethe strugglesdifficulties, andthe excitement for thisnpact the
DCI™ technology will haven the future.



3.  Personal Ref lecti on

Personalearning objectives

Before sarting my internbip, | definedthe personal learning objectives which | was hopingdguirethroughout tie
experience Belowis a summar of the learninggoals | set before stimg the internshipas stated in thimternstip
learning agreement

1) Gainknowledge in the waste management field

2) Develop laboratory skills and use rapiversity expertise to independently conduct experiments and analyze
data.

3) Build capacitiesuchas challage facing and teamworking.
4) Develop irdependent thinking and codé&nce in work.

Forwhat concens the first learning point, | feekk | have gaing more knowledge than what | had dxefinthe diferent
methalologiesused to treat wast@ndthe strugles involved in turning waste into valu€hroughout the meetis |
attended with DOPS dlifferentwastetreatment companies, | had the possibilityitalerstandhe where the interests

and challengesfahe future waste managnentlies, andthis also mad clearer thémportance of the development of

the DCI™ technology.On the other hand,found it very complex to fully grasp the functioning of the BEieactor,

and | attribute thigo the chemical and thermodynamic concdming quite far from whalv e s t u everehd . 5
waste management field is a new sector for me dtaining such a hanedsn approah was a greabpportunityto
expand my knowlede in thisarea.

In regards instead to the development of miyolatory skills | definitelyfeel like the experieoe wassuccessful and
helped megaina significant level of confidence in my lafatoryknowledge | feelmuch more capable aivercoming
challenges that may arise daog labwork andof identifying thecorrect resourceto address issues tHanay not know
how to solvamyself.By relyingonmy university knowledge timdependently conduaty experiments havedevelomgd
confidence ilmyself as sstudentand & a researchemn addition delving deepeilinto the concepts | alreadgnewin
orderto understand the t@ome of myexpermentsalsoincreasedtonfidence in myresearch skillscritical thinking,
andproblemsolving abilities Therefore)earning olpective nunberfour was also acquire@his was my first laoratory
experence and as sud¢imadea few mistakes in thaitial exeation andthoughtprocessvhile conductingexpermens.

| have learned from thesmdam confident in th@pproach andtatus rentil have developed fduture experiences |
will have in thelab.

Learning objectivenumberthree was correlatedith undertaking an internship insdartup where tle environments
dynamicand vibrant and shaped by theerydaychallenge associated with the development of a nhew technology
Despite beingresent at the headquadg@f DOPSonly once a weekl feell havegotten a initial idea of the decien-
making process and howigrities are establishedl understoochow tasks areidided amongt the team and how each
team member has specific responsibilities based on ekpgrti®, andl observed how the team works together to
achieve the common goalf the company This gave me valuable insighbto how effective communication,
collaboration andgtrongrelationshipdetween team membeareessential fothesuccessfubutcome ot project These
considerations will bgery valuable for my future career development



Professional aspirations

In this ction theprofessional aspirationsvith regards tdhe company where the internship was congdeat, are
discussed.

| will start by saying thathis was myfirst internship experienceanda very peculiar onas by the time | stareDOPS
had beefounded only two years pridrwas ale the frstinternworkingat DOPSThe experiencedained vas probably
very different toan inerndip conducted at aompanywhich had been operad for along-term | got a lot ofinsight

into the managemergnd operation of a retife project including the development ahe business plaand the
organization of bhaspects related to.ifThiswas intriguing andninteresting addition to the smallerade projects |
have conducted at urdsity.

With that being said, believe | got less insight into the dayrday life of a companywhich lobservednoreduring my
visits to larger companiesespecially atGouda Refractorieshere | hadhe opportunityto returnmore than oncand
interact withdifferentpeopleacrossvarious departments

| did not consider this a limitation howeyemdinsteadfound it enrichingto have such a diverse expce.After
reflectingupon it, | believe Wwould actuallyfind it quiteexciting tohave a similar role in my future careepon gaining
some experience ialarge, esthlishedcompany Working on a realscaleproject such athe technalgy developed at
DOPS is very sthulaing, and the dynamiday-to-dayschedule also keeps the work excitihgealizethat the struggles
to set up atartup are manyand | only experienced a faduringmy shorttime atDOPS Therefore] do believe that
would needo learn andgain morepractical experience ithe field, as wik as a betterunderstading of financeand
business

Throughmy internsip | haverealized the importance of famg a diverse set of skilland that telenical knowledge is
notsufficient in ordeto succeed in the industrgspecially one whieinteraction with ceworkers and clients is essential
Obsevwing theworking of a startup has allowed mewatness firsthand thenportance ohaving a basic understanding
of financial knowledgemarketing and stategic planning, as wiout these even the most innovative technologyld
struggle tgprogress

This has motivated me texpandmy skills in thesesectos in order to become waell-rounded egineer ande able to
constructvely contribute to futire projects.

Personal SWOT analysis

The final section of the papnal reflectionincludes my individual assessmentvith my self SWOT (Strength,
Weaknesses, Opportunities, Threatsalysis The anafsisis conductedaccording tathe procedure described tine
following link: https://ciccc.ca/blog/caredém-canada/sweanalysisexamplesstudents/#whais-personaiswot

analysis

Strergths
1 Interestfor environmental sustainability chalhges
1 Good communicatioskills andinteraction with people, positivetitudeandteamenergy
1 Rigorous andgrecise work.

Weaknesses


https://ciccc.ca/blog/career-in-canada/swot-analysis-examples-students/#what-is-personal-swot-analysis
https://ciccc.ca/blog/career-in-canada/swot-analysis-examples-students/#what-is-personal-swot-analysis

1 Strugglewith finishing workif I have no deadline.

1 Attimestoodetailedwhich is very timeconsuming

1 At timesnot confidenienough to trcompletely newthings
Opportunities

1 Goodnetworkingopportunitiesbetweermy university andmy internship

1 Relatively newand still growingmaster which will be neededd tackle issues ihefuture.

1 Will take advantage of the growindpbal interest fosustainabilityrelatedproblems.
Threats

1 My time mangement skills have to improwverall.

1 Am less confidenabout my abilities than my peetsu¢ slowly improving)

9 Currently i not speakhe locallanguaggDutch)
Impact ofmy rde in the internship

As mentionedthe technology which is being developeg DOPSwill be very significant forthe fuure of thewaste
management sectby providing a sustainable and efficient method for treatiagte

Through my internship, | had the opportunity to work areasjnment that contributed to the further development of
thetechnology The results of my experimentsguided valuable insight on the efficignhand efectiveness of th&Cl
reactor, and believe ths work will beuseful infurtheroptimizing the DCI™ process.

| am pleased to have taken part in such an impactful project and look foonsmeing howrte DCI'™ technology vill
continue tadevelopin the future.
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Abstract

The present report aims at evaluating the resultartionadsorption experiment®nducted during my internship at
DOPSRecycling Technologies bv. The internship started in January 2023 and lasted for a total of seven weeks, unt
March 2023.

The main task of the internship was evaluating the quality of the carbon produced by DOP@OMEtt Carbon
Immobilization) technlmgy, and for this scope a series of laboratory experiments were conducted at the Waterlab of
the Civil Engineering and Geosciences Faculty of TU Delftthermore, Gouda Refractories allowed for the use of
their SEM microscope to evaluate the surfacthefcarbon, due to difficulties with accessing $t&VFEDX

microscope available at TU Delft.

This report includes a description of the specific carbon produced by th¥ 2Chnology and used ftine
experimentslt includes theliterature review utilisé as background for mgvaluations, theesults,and discussions
Finally, recommendationare giverfor future studies that can be made as a continuation of the present research.

Highlights

1 Atlow adsorbate concentrations, the carbon loading dDtbBScarbonis comparable to that of commercial
Norit carbon.

I DOPS carbon exhibits faster kinetics than the Noaibon

1 Throughout the batch adsorption experiments, the pH of the DOPS water decreases, whilst the Norit water
increases.

1 DOPS carbomashigher affinity than Norit for natural organic matter



Abbreviations

DCI = Direct Carbon Immobilization (treatmesatd procegs
GAC = granular activated carbon

MB = methylene blue

MW = molecular weight

NOM = natural organic matter

rpm = rate per minute
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1. Introduction

1.1. Background

DOPS Recycling Technologies ba startup company founded in 202i5 currently developing the Direct Carbon
Immobilization (DCE ) thermochemical conversion technology for the treatment of waikte technologygonverts
waste into a solid phase of carbon rich residue and small gaseous molecules for meaningful dustees.in

An important element in the development of the DOPS technology is the recovery and reuse of valuable raw materi
Therefore, it is important to evaluate the reusability of the building blocks which makewpdtiereatedoy the DOPS
DCIE technology.

The aim of the internship, and the experiments conducted in the labsisetss the quality and value of the solid residue
recovered from the DOPS treatment of sewage s|wdtfespecifc regardgo the characteristics of the carbon fraction
recovered from the residue

1.2. DOPS carbon

Traditionally, activated carbon oducedby subjecting carbomich material suctas coal and wootb a doublestep
process to develop thpdysical and chemicalropeties required in the carbon structure to make the material adsorptive
The first step of the processthe carbonizatiorof the materiait 606900°C in an inert atmosphenesually nitrogen
(Gupta & Afshari, 2009)The second stdp the activation of th materialwhich can be physical (heating to 60200

°C with steam or oxygen) or chemighkating to 450 900°C with addition of an acid). The activation process ensures
the development of pores in theaterialsurface(Thai et al., 2017)which leads to an increase of the specific surface
area and the available adsorption sites, thus ensurimgateziaés adsorptive capacity.

The solid residue provided by DOPS for the experiment is derived from tH¥ B&itment of primary (aerobic) sage
sludgecollected from thé.imburg South Water Boardror the specific experimentsf this researchDOPS did not yet
have a laboratory reactor available, therefore a representative sample of solid residue was preparedewiagethe
sludge providedypLimburg South Water Board and thenaces available at Gouda Refractarigseconditionsin the
furnaces for the preparation of thelid residuamimickedthe inside of the DOPS reactaevith the sludge beingeated
slowly to 1000°Cfollowed by a slowcool down periodThe material was held containers made of refractory material
with measures to avoid oxygen reaching the samples sewage sludge starting material was dried, but an oven test
conducted at 120°C measured the moisture to still be deahassAfter furnace treatment, the weight loss for the
different containers ranged from 43% to 61% of the original mass.

Figure 1(left) presentghe solid residue remainingfter the furnace treatmerithe bright orange, superficial layisr
referred to as the sacrificial sludge, andhe portion oimaterialwhich was in contact with oxygen during the cooling
of the furnace. As a result, the material is oxidized and red in color (due to the iros) oltikealso more friable than



the black solid residuén Figure 1 (rightthe @crificial layeris removed and the material in the deeper layers is visible.

Sacrificial Sludge DOPS D®{carbon

Figure 1. Solid residue of WWTP sludge
This materialreferredoa s 6 D O P Swillbausedd omtiiExperiments in this research.

Analysis done by DOPS prior to this researaficated thaafterfurnace tests mimicking DOPS reactor, the recovered
solid residue containedlmost 10% in mass of carbon. Literataieeady indicates that sewage sludge can be reused as
an adsorbent materiafter being subjectet different treatmentftero et al., 2003)Therefore assessing theuaity

and capacityf the carbomecoveredoy thenew DCI™ technology is a important stp towards thedvancemerand
further understandingf the technology.

1.3. Research questions

To understand the true value of the recovered componem€I™ treated sewage sludgde internship will consist
of laboratory experiments tetermine theralue of the solid residue. The research quesfjiorthis report referred to
as OdrkQpdajed in this internship are the following:

RQ.1) Studythe composition of the solid residusy evaluatinghe surface morphology (porosity, particle shape,
size distrilution) andthe elemental composition of the carbon. Determine differemdds commercial
granular activated carbon.

RQ.2) Study the adsorption capacity of tBEOPS carbon and evaluate the possibility of reuse in industrial
processes. Compare the adsorption capacity between the carbon recovered witlEthedd@blogy and
standard commercial carbon.

RQ.3) Determine the extent of leachingledavymetals from th&OPScarkon during adsorption.



2. Materials and Methods

2.1. Granular Activated Carbon (GAC)

Two differentcarbonsareused for this researdt the scope of comparing their adsorption capacities and
morphological characteristics.

Norit GAC 830 P (Cabot,NNORIT® GAC 830Wj February 2016is used as commercial referenées given in the
Cabot datasheet, the particle sizages between 2.36 mm and 0.6 .niitme Norit carboris used as provided by the
supplier.

Thecarbonrecovered fromthe DOPS DCIM treatmen( her eon referred to as O6DOPS
two sieves of 0.355 mm and 3.15 mm to obgiEnules correspondirig thetraditionalparticle size ofranular

activated carbon (GAQ)f 0.37 3 mm The choice of the sieves used for the filtgiis basedbn the availabilityat the

TU Delft WaterlabOn averaggeas seen in Figur2 theNorit particles tend to be largandmorediversifiedin size

than theDOPS carbon particlesvhich have a homogeneously distribuseall overall smallesize

Towards the end of the internship batch adsorption experiments were also conducted for the precurstat&@PS
(hereon referred tsotharmarg sewagesludgs wior to hOPOPS PQteatmentdried to
91% The grains of the precursor material are lighter in colour, more friabtehave a strong ododihe particles are
on average larger than the material go€1™ treatment.

Figure 2: Norit GAC 830 P. (left) and DOPS DCITM carbon (right)
2.2. RQ.1Qualitative evaluation of theadobon porositwith SEMEDX

2.2.1. Carbon porosity

Activated carbon is characterised by a highly porous surface surrounded by carbon atoms, which determine its
adsorption capacities. The siaeddistribution of the pores is highly variable between different carlamtstogether

with the chemical composition on the surface of the carbon adsorbent, it determines how adsorption takes place ins
the poregMarsh & RodrigueRReinoso, 2006)-ollowing thelnternational Union of Pure and Applied Chemistry
(IUPAC) nomenclature, carbon pore sizgedivided into(Pure Appl. Chempp 79)

1 Macropores: pores size > &n.
1 Mesopore: pore size between 2 anchf

1 Micropore: pore size smaller than 2 nm



The distribution of the three types of pores on the surface and irgerfeteof the carbon determines the extent and
types of pollutants that can be adsorbed, with lamygianicmolecules that tend to be trapped on the carbon surface,
where macroposeare predominant, and smaller moleculesdifatse further into the carbamatrix occupying the
micropores present in theternalcarbonvolume(Kemp, 2017)A combination otthe three types of pore sizes and a
high internal surface area ensures a@anith high adsorption capacities aad affinityfor a heterogeneous group of
molecules

2.2.2. Scanning electron microscop&th energy dispersive-bdy spectroscop{SEMEDX)

A primary, qualitative evaluation of the adsorption capacity of a carbonaceousahiatperformed byevaluating the
surface morphology of the carbon using electron microscopy.

Scanning electron microscopy (SEptpvides a direct method which is extensively used to study the microstructure
of substancefAchaw, 2012b). Compared to indirect methods, SEM provides a direct view of the surface topography
and as such a more accurate description of the pore shapédemation. The drawback of this direct method, is that

the evaluation of the surface porosity is only qualitative, compared to indirect methods such as mercury porosimetry
which provide a quantitative value of the specific surface area of the activated.car

By observingooth the external and internal surface of the DOPS carbon, it is possible to get an initial indication of th
extent of the DCM process irdeveloping pores in the structure of the sewage slidde.canfacilitate in

determining whetheadditional treatment, such as chemical activation, may be usefithio a more developed pore
structure of the DOPS carbon.

Pictures were taken and comparedD@PS material before and after treatment, Norit carbon and for the sacrificial
sludge obtmed by the Gouda experiments.

The SEM, as well as the BCanalysis, were conducted using the SHMOL JSM6490LV available at Gouda
RefractoriesNo additionalpre-treatment of the carbon samples is required.

2.3. RQ.2Evaluating thearbonadsorption capacitwith batch adsorption experiments

2.3.1. AdsorbentMethylene Blue

Methylene blu¢CAS No: 61-73-4, MW = 319.85gmotl?) is anon polar,synthetig cationig thiazine dyeof

molecular formulaCi6H1sCINsS. It appears as a dark green powdeemin solid phaseanddarkblue when in aqueous
solution(Raposo et al., 2009)pon dissolving in water, MB dissociates into a MB cation and a chloride anion. The
molecular structure of MB is given Figure3 (source: Sigma Aldrich).

N
=

Cr
+ &
(CH3pN S N(CHs)z
Figure 3: Methylene Blue molecular structure

MB is often used in adsorpth experiments as itharacteristic deep blue colour allows &odirectqualitative
indication of theadsorption progressioRurthermore, its concentration in the water can be easily measured over time
with the use of a spectrophotometiewavelengti®64 nm (Khudhair et al., 2020)



For the present researtivo MB stock solutiongre prepare¢concentration stock solution (1) = 500 mg/L;
concentration stock solution (2)2800 mg/L). The water matrix for both stock solutions is demi water.

Stock solution (1) is used tetermine théViB calibration curve AppendixA.2).

The two stock solutions are used for different adsorption experiments to obtain the desired méisstiztids
mass/carbon masbgtween the MB concentration and the carbon mass.

From stock solution (1jilutionsareperformed to obtain solutions sfarting MB concentratioof 20 mg/L. From
stock solution (2), dilutions are performed for an initial tcentration of 200 mg/L.

An overview of the stock solutior@d the correspondent dilutioissgiven inAppendix Al.
2.3.2. Batch adsorption experimentSystem setip

Adsorption is a complegrocess resulting from tlembinationof several facta, includingthe properties of the
adsorbent and adsorbated composition of the water matrikne surface area and pore system of the adsothent,
molecular size and structure of the adsorbate, and the interaction between the adsorbate and the functional groups
the adsorbent surfaedl contribute tahe adsorptionDeterminingthe interaction betweedll these properties is

complex, thus batch adsorption experimemeonductedo quantify adsorption performance

The objective of the batcddsorption experiments this researcks to evaluate thperformance of the DOPS carbon
compared t@ommercial carbonis relation to methylene blue adsorptiditeraturewas referred tand adsorption
experimentsvith commercial Norit® GAC 830Wwere onducted talirectly compare thadsorptiorcapacityof the
two carbons for identicaxperiments.

Batch adsorption tests are perfornigthddinga known amount of adsaghtin a volume of liquidwith different

doses of theadsorbate ankleeping the solution in completely stirred conditions until the end of the experintéci,
occurs when the adsorbent has reached adsorption satuf&igodata collected is used to characterize the carbon by
determining:

1) Theadsorptiorisothermcurvewhich best represents thesorption process and the \edwof thesotherm
parameters

Adsorption isothermsepresent theelationship between thaortion ofadsorbate in the water matrix and the
portionadsorbed on thadsorbent surface atuilibrium and at constant temperat(Baleh, 202
Adsorptionisothermsprovide details on the affinity between the speafisorbenand adsorbate, thus
indirectly providing details on the interaction mechanisms and surface profghie& Chen, 229).Once
the isotherm curve is determined for the adsorption processisiédsin adsorption research and to optimize
the use of adsorbents.

Several isotherm models have been developed to understand the adsorption process; among these, the iso
descibed by Freundlich (1906) and by Langmuir (1918) are the most commonly used for adsorption in liquid
matrixes (Selmi et al., 2020b). The Freundlich isothisram empirical modeland the Langmuir is a

mechanistic model based on the assumption that ofecud® can adsorb per site (monolagdsorption) and

that neighbouring adsorption sites do not influence each other.

2) The kinetics of the carbon

Theremoval speed of contaminants from water is an important parameteewdlaating whether adsorption
is feasibleand whether thearboncan be usetbr industrial applications

5



3) The carbon loadin(e) for the specific adsorbateo determine if the carlboadsorptiorcapacityfor
methylene blués competitive when compared to other commercially available carbons.

Carbon adsorption capacity, qneasured as (mg adsorligtadsorbent), measures the amount of adsorbate
taken up by the adsorbent per unit mass of the adsorbent in equilibriurgivsikteatab et al., 2019)t is
specific for each adsorbeatisorbate couple and provides the performance of different adsddyeants
specific contaminant.

Rafatullah et al., 2010 provides an overview oftipcal adsorption capacitiesf commonactivated carbons
and coaldor methylene blue adsorptioalues range from 10 800 mgMB/g, depending on the affinity of
the specific carbon for the adsorbent #mephysicalchemical changes tifie materiahfter activation

Themain experimentaltariablesthat influence the adsorption processtaetemperatur@and the pKHwith adsorption
favoured at higher temperatur&$e influence of theolutionpH is dependent on the type of adsorbent. Being
methylene blue a cationdye, its adsorption is faured at basic pkSelmi et al., 2020c).

The system is composedafligital orbital shaker where up to three laboratory botfl&O0 mL can be placed at the
same timeThe shaker is connected to a power supply kept in constant shaking for the whdlgation of the
experiment, which can range from six hours to two days depending on the mass ratio between pollutant and carbon
The solution bottles are closed with a lid to prevent spills when shaking

An overview of the system sap is given inFigure4.

Figure 4. Batch adsorption system setip



2.3.3. Water Matrix

Both demi water and canal water are used in the adsorption experiMest&xperiments in this research are
conducted with the use of demi watehich provides cebon adsorption results in optimal conditidosthe target
pollutant beingthisthe only pollutant present in the water samplewever,DOPS aims at reusing their treated
carbonfor adsorption of contaminants present in wastewater,paitticular regardo adsorptiorof pharmaceuticals
Demi water is not representativetbé chemical composition of a wastewater sample, nor of the competition for
adsorption siteg/hich occurs when many pollutants are present in the water saupleighe case of wastewater
The original intention was tevaluate thedsorption capacity that the DOPS carbon had edthmon oveithe-
counter pharmaceuticadsd whether this was comparable to the adsorptpacity measured for MB. Howevéhris
would hae requiredhe use of an additional technology AMS) for the measurement of pharmaceuticals, making
the project too complex forsevenrweekinternship.

Thereforejt was decidednhstead to evaluate the competitimn adsorption sitesccurring betweenatural organic
matter (NOM) present in the water samaiel the target pollutannethylene blueNOM includes a complex range of
diverseorganic pollutants with divergaoperties, anés a common contaminant present in wastew@temn et al.,
2015) Due toits largerparticle sizeandits concentration in water sampleshe range of m/L, NOM preloadingand
pore blockingof the carborporesis a commorphenomenon in adsorption pesses and can negatively influence the
adsorption of target pollutants, including pharmaceuti@dsRidder et al., 2011valuatingthe extent to which
methylene blue adsorption decreases when natural organic matter is present in the water caeligiveaaypr
indication ofthe affinity of DOPS carbon with NOMnd whether thisnay be an issue when using DOPS carbon for
adsorption in wastewater.

Raw canal water collected from the TU Délftaterlabis used to evaluatadsorptiorcompetition betweethe natural
organic matter contained in the canal water thesbjective adsorbent (methylene blue).

Natural organic matter can besuspended or dissolvéokm. Among other method#he NOM concentration inwater

is measured using aesgirophotometer at wavelend2b4 nmand quartz cuvettes. This measurement method is used
for the current researcAs the collected sample for analysis is filtered befoemsurement, the spectrophotometer
reading will providevalues referringnly to thedissolved portion of the NOM present in itenal water sample

2.3.4. Experimental Conditions

The batch adsorption experiments in this research are carried out using 500 mL solution bottles and a digital orbital
shaker running at 16@m. Every experiment is run until adsorption equilibrium is measured, identified by the MB
concentration remainingonstanpver time.

The experiments are conductesingthree differenpbf carbon: the commercial Norit, the DOP&bon after DCM
treatment (r etabod)edand talse 6DOPSVtaebbomepti 6refer DEU
DOPSOd) .

The solution bottles are prepared by dilutingdperopriate stock solutidio the desired initial MB concentration
(Appendix AJ). Dilutions are performed wittdemi watey and for experimer (Table 1) they are also performed
usingcanal wateas the water matrix.

An overview of the experimental conditions is giveTable 1



Table 1: Batch adsorption tests experimental conditions overview

Experiment Mass ratio Carbon Dose InitialMB Carbon type used  Expected time to
concentration reach equilibrium
(g MB/g GAC) @) (hr)
(mg/L)
1 0.4 0.025 20 - DOPS carbon 24
- Precursor
DOPS
2 0.04 0.25 20 - DOPS carbon 24
- Norit
- Precursor
DOPS
3 0.01 1 20 -  DOPS carbon 20
- Norit
- Precursor
DOPS
4 0.004 2.5 20 -  DOPSarbon 6
- Norit
5 0.1 1 200 - DOPS carbon 48
- Norit

Due to time availability, excefior experiment® and 3 using DOPS carhahe experimentaererun only once.

The expectetime to reach equilibrium was obtained franal adsorptiorexperimens conducted on DOPS carbon for
experimeng 1, 2 and 4.

2.3.5. Sampling and Measuring

The solution bottleare preparedy first diluting the MB to the desired initigbbncentration. The bottles are shake
the orbital shaker for one minuae rpm 16Qto evenly distribute the MB in the bottle, and a first sanfig)es
collectedto determine the exact initial concentration of the dye carbon is theaddedand theexperiment starts.
Samplesare collected with & mL syringe andiltered with 0.2micronfilter to eliminate any carbgparticles which
may interfere with the spectrophotometer readirig MB and NOMconcentrationaremeasured using a UVis
Spectrophtometer at the desired wavelength (664 nm for MB absorption, 254 nm for NOM absoifi o).
determine variations in the experimental conditions throughout the expertherdlumeof the collectedamples
must notexceed 10% of the initial solutiomlme. Consideringhe initial volumeto be 500mL, anthatthe samples
collected have a volume of 5mh maximum of ten samples can be collected for each individual experiment
Depending on the experiment and the expetitee required to reach adsorption equilibri(gs given inTable 1), the
collection of the ten samples is distributed throughout time for each experiment.

Throughout the adsorption experiment, the temperadikept at room temperature (around 20°C) and the pH is
monitored throughout time for specific experiments using angter.

Thekinetic curve of the adsorption experiment is obtained plotting the pollutant concentration over time

The isotherm equatiorisr Freundlich and Langmuare given inTable 2 along with the lineariseglquations used to
calculate the parameters of the respective isotherm.



Table 2: Freundlich and Langmuir Isotherm equations

Isotherm equation Linearised equation
Freundlich n Uzg aéNQ aé QEza N
Langmuir A AL 1 ™ ™ M

p w20 A AT as
Where

1 geis theequilibriumloadingcapacity of the carbofmg adsorbatky adsorbent
1 Ce istheequilibrium concentration of the adsorbate in the aqueous fingsadsorbate/L)

1 KistheFreundlich constant indicating the relative adsorption capacity of the adsorbent (mg adgorbate/
adsorbent) {m®g adsorbaté)

1 nistheFreundlich constant indicating the intensity of adsorpfidre higher the n, the more the adsorption is
favourable for thedsorbateadsorbent coupl@y adsorbate/L

1 amaxis themonolayer adsorption capaciyd gives information on the number of adsorption §ites
adsorbate/g adsorbent)

1 bis the Langmuir constantlating to the adsorption ener@nd the reciprocal of the concentration at which
the adsorbent reaches half of its saturafiédmg adsorbate

2.4. RQ.3Carbon leaching using KOES

2.4.1. Carbon Leaching

Sewage sludge absorbs heavy metals contained in wastewater due to biomass uptake. Heavy nme¢alsuneien
asmaller portion in DOPS carbon after D€ kreatment, The risk of heavy metal leaching from the carbon during
adsorption processes in specific water conditions can cause issues in wastewater treatment plants. Assessing the t
metal leaching from the DOPS carbon gives an important indicatibrfdrosafety of use and to evaluate possibilities

of recovery of the heavy metals contained in the carbon.

Traditional leaching tests would require for the carbon to be soaked for 24 hours in a solution of pH 4 ofchitric a
(Townsend et al., 20037 he fltered solution is then measured for heavy metals usingQEB.

However, due to difficulties in accessing the nitric acid in the TU Delft Waterlab, th®@E3tests were conducted

on thefiltered water sample at the end of batch experiments on DOPS8rcarhis was considered a reasonable
approximation as it was observed that throughout the adsorption experiment using DOPS carbon, the pH in the
solution dropped immediately from 5.5 (pH of methylene blue solution) to 4.5. Furthermore, the pH of wadimwater
which DOPS plans to use their carbon, ranges from 6 to 8. Water sdrapidsmtch experiments on DOPS carbon
which had been soaked for at least 20 hours were considered an acceptable alternative for an initial indleation on
extent of carbon leachinfrom the DOPS carlyo



2.4.2. Inductivelycoupled plasma optical emission spectromet({CPOES)

Thepresence of heavy metalthe water samples collected at the end of the adsorption experisméatermined
with Inductively Couples Plasniaoptical emission spectrometffCP-OES) whichdeterming the presence and
concentration oélementsn water sampleby creatinga plasma andsing aspectrometerThe principle on which the
ICP-OES works is thateat from an argon plasmpaovides energy to thelectrons. This induces the elens to move
from a neutral energy state to an excited stigen the electrons return to ground energy state, they réitgasat
specific wavelengthdCP-OES measures the amount of light emitted at each wavelfmgtie specific elemenand
corrdatesthis to the concentration of element in the sample.

To conduct an ICEDES analysisit is necessary to provide values of expected initial concentrations for each of the
elements. These were obtairfedm DOP® a n a | y tandadaptedrfoetipedGBES measurement. Values can
be found in theAppendix (A.9.1. for DOPS carbon and A.9.2. for the precursor matdria)water samples were
filtered with a0.2-micronfilter prior to ICP analysis.

An overview of the equipment drmaterial used for the present research is givaialre 3

Table 3: Overview of equipment and materialused

Equipment and Material Brand
ICP-OESanalyzer Agilent 5800 ICPOES with AVS valve and auto
sampler
Digital Orbital Shaker Heathrow Scientific
Magnetic stirrer Labinco BV
Genesys UVVis Spectrophotometer Thermo Scientific
Analytical scale AE 240 Mettler Toledo B.V.
500 mL laboratory bottles + cap ThermoScientific
WTWE Multiparameter Benchtop MetémoLabE ThermoScientific
Multi 9630 IDS
UV quartz cuvettes Supelco

10



3. Result s

3.1. SEMresults

The SEM resultare presented for the external and thestutaceof the precursor material, the Norit and the DOPS
carbon Thesacrificial sludge images are presentedppendixA.7.5.

3.1.1. External Surface: Norit vs DOPS carbon

Norit X500 DOPS x500

KV | X500  50um "+ 1160 SEI

Figure 5: Norit and DOPS carbon external surface
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3.1.2. Cut surfaceDOPS carbon

DOPS x500

el

Figure 6: DOPS carbon cutsurface

3.1.3. Cut surfaceprecursor material vs DOB&bon

Precursomaterialx2000 DOPS carbox2000

- ¥ et

Figure 7: Precursor and DOPS carbon cutsurface
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3.2. Batch adsorption experiments

3.2.1. Isotherm

A comparison of the performance of the three carbon typieg demi water as water matisxgiven inTable4:

Table 4: Adsorption performance parameters overview(demi water as water matrix)

Experiment values DOPSarbon Norit Precursor
DOPS
actual G 20 - 19.754
G 16.475 - 15.474
1 G 70.494 i 85.608
' removal 18% - 23%
actual @ 19.732 19.754 19.304
G 4.37 3.230 3.581
2 Qe 30.46 32851  32.273
' removal 78% 84% 84%
actual @ 19.033 19.271 19.574
G 0.0 0.0 1.148
3 Qe 9.517 9.636 9.310
' removal 100% 100% 95%
actual G 20 20.881 -
G 0.0 0.72 -
4 e 4 4.03 ;
' removal 100% 97% -
actual G 186.052 187.178 -
G 108.329 35.788 -
5 G 38.553 75.469 i
' removal 42% 81% -

For DOPS carbon, replicates of experiment 2 and 3 were performed. Results are gippardix A4.

The parameters obtained for Freundlich and Langadsorption isotherm curvese given in Tabl& for the three
carbons

Table 5: Freundlich and Langmuir isotherm parameters

DOPS Norit  precursor

Freundlich K 27.344 7.539 9.172
parameters| n 0.073 0.712 0.844
Langmuir| gmax 38.988 102.495 217.345
parameters| b 0.819 0.081 0.043
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The isotherm representimgethylene blue adsorption on DOPS carbon is given in FRjurbe experimental data
points (EDP) are numbered by experiment

Isotherm DOPS carbon

80.000
70.000 | ® EDP1
60.000

D 50.000

(@)]

£ 40.000 °

L 30.000 EDP 5
EDP 2
20.000

10.000

0.000
0.000 50.000 100.000 150.000 200.000 250.000

Ce (mg/L)

® Experimental data points==Freundlich isotherm Langmuir isotherm

Figure 8: DOPS carbon methylene blue adsorption isotherm

3.2.2. Kinetics

A comparisorof the adsorption kinetics for the three types of carbons is given in Fghtethylene blue
concentration over time was also evaluated to ensure thisiBlid not decayresults are given iAppendix A5.1.

Kinetics comparison

20 4

15
=
g
= 10
O

5

s —
0
0 5 10 15 20
time (h)
—@— Norit exp 3 DOPS carbon exp 3 DOPS precursor exp 3

Figure 9: Carbon kinetics Comparison
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3.2.3. pH trend

The comparison of the pH trend of the adsorption experiments for Norit and DOPS carbon, conducted both in canal
and in demi water, is given in Figuté.

pH trend Adsorption Experiments

8.5 ‘ o

8 o
7.5
7
6.5

5 6 \
5.5 \/
5
4.5

4

3.5
0 5 10 15 20 25 30 35
time (hr)

—MB Norit exp 3 DOPS exp 3 @ canal water DOPS @ canal water Norit

Figure 10: pH trend Adsorption Experiments

For DOPS carbon the pH was measured also for a second experiment 3 and for expexidertnfirmed the same
trend as that given in Figure 4. An overview of all pH measurements isigi¥gapendix A6.

3.2.4. Canal Water
Theadsorption results for Norit andrf®OPS carbon when using canal water are ginérable 6

Table 6: Adsorption results for canal water

EXPERIMENT MB NOM
REMOVAL REMOVAL

NORIT 4 100% 18%
DOPS 4 100% 61%

The adsorption kinetider both carbons when using canal water are gindfigure 11 and 12
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Kinetics DOPS
25.000
20.000

15.000

C (mg(L)

10.000

5.000

0.000
0 1 2 3 4 5 6

time (h)

Canal water exp 4 —@—demi water exp 4

Figure 11: Kinetics DOPS carbon comparison with canal and demi watr

Kinetics Norit
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Figure 12 Kinetics Norit carbon comparison with canal and demi water

An overview of the performance of Norit and DOPS carbon when using canal water as the water matrix is given in

Table7:

Table 7: Adsorption performance parameters overview ¢anal wateras water matrix)

Experiment values DOPS carbon Norit
actual CO 18.042 17.997
Ce 0.004 0.080
4 ge 3.608 3.583
' removal 100% 100%
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3.3 Leaching results

The leaching results fahe DOPScarbonfor theanalyzecheavy metalsafsenic, chromiumgopper nickel, lead,and

zinc) are givenn Table8.

Table 8: Leaching results DOPS carbon

Exmeriment soaking As average Cr Average Cu Average NiAverage Pb Average Zn Average

time (hr)  ppm ppm ppm ppm ppm ppm
3 31 <0.025 <0.025 0.05 <0.025 <0.025 0.172
3 54 <0.025 <0.025 0.05 <0.025 <0.025 0.196
5 51 <0.025 <0.025 0.1 <0.025 <0.025 0.18

The leaching result®r the precursor material for the analyzed heavy metals are igivieble 9

Table 9: Leaching resultsprecursor material

Experiment soaking As average Cr Average Cu Average NiAverage Pb Average Zn Average

time (hr)  ppm ppm ppm ppm ppm ppm
1 29 0.002 0 0.01 0 0.003 0.01
2 29 0.001 0 0.04 0 0.003 0.01
3 129 0.004 0 0.05 0.01 0.002 0.02
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4. Discussions

3.1. SEMc EDX results

The SEM images were captured at different magnifications to observe the pores on the surface andrimethe

volume of the carbon. The magnification reached allowed for the measurement of the larger pores present on the
surface of the two carbons. The analysis of the images revealed that the DOPS carbon has larger pores and in higt
number when compared the Norit. This differences can be attributed to the different manufacturing processes of the
two carbons.

Furthermore, the observation of the-sutfaceshowsthat the DOPS had a fragmented internal volume, with pores
extending into the surface (Figu6).Although they could not be measured directly, it is possible that the pores extend
into microporeswhich arethe target pore dimensiofw the adsorption of pharmaceuticéifavikova et al., 2022)

Clear picturesireobtainedior DOPS solid resideiand for the Norjtwhilst the pictures from the sacrificial sludge and
the precursor materiat@blurry and out of focus. This is due to the fact that the material in the sacrificial sludge and
precursor ichargingwith electronsdeflecting the imaging electronSouda Refractories limithie chargindy

coating the samples with carbon prior to observation with the, &ttldmaking them conductivd he charging which
characterizes the precursuoaterialand the sacrificial sludgedicates dower carbon portion on the surface of the
carbon samples

The EDX analysiaregiven in the attachedocumento this report.
3.2. Batch adsorption experiments

3.1.2. Isotherm and adsorption capacity

All three forms of carbon exhibit adsorption capacity to a higher or lower extent, which varies also depending on the
massratios. The functional groups present on activated carbon usually determine a negatively charged surface (Var
Oss, 1990), and the same has been found for sesladge derived adsorbents (Graham et al., 2001), thus the cationic
property of the MB adsorbemay have positively influenced the adsorption process.

The isotherm obtained for the DOPS carbon exhibited errors that would require further experimenting and evaluatio
Specifically, there are discrepancies between the experimental data pointsfitetitrsmtherm therefore the

isotherm parameters and values obtained for the DOPS carbon may not correspond to the precise values represen
the carbon adsorption properties. The isotherm as preserfagline 8is fitted by excluding experimental dapointl
(EDP1). The experimental data point was chosen as the most reasonable to baskdien the fact that duplicates

had been performed for EDP 2, and that by excluding EDP 5 and fitting the isotherm with the two remaining points,
the adsorptionapaciy calculated for the carbon would be unreal@tichigh.

However, two data points are insufficient to plot an isotherm curve, thereferecommended to conduct further
adsorption experiments in the range of high equilibrium concentratiaiis fiass ratios) to obtain a better fit of the
isotherm.

The adsorption capacity stronglydepends on the carbonization and activatiatess of the carbofhai et al.

(2017) calculated the methylene blue adsorption capacity of rice husk activated todoled17.9 mg/g, whilst the
adsorption capacity only reached 28.7 mg/g for the carbonizetusk Otero et al. (2003) also compared the results
between pyrolyzed and chemically activated sewage sludges and only pyrolyzed sewage sludges andthahcluded
chemical activation aided in enhancing the creation and enlargement of pores. Further pretreatment of the DOPS
material after the DCY reactor could increase the internal surface and adsorption capacity of the DOPS carbon.
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Chemicalactivation with the use of acidl€., phosphoric acid) (Johnson et al., 1999b), a base, a salt or and oxidant
(i.e.,bleach) can be considered.

From Table 4,tican be observed thtr experiment 1the adsorption capacity of the precursor materialghdr than

that of the treated carbon. This is also confirmed in the experiment conducted by Otero et al. (2003) on the adsorpti
capacity of MB of sewage sludge treated in three ways: only dried, dried and pyrolyzed, and dried and pyrolyzed ar
chemicallyenhanced. These experiments concluded that only dried sewage sludge demonstrated a higher adsorptic
capacity than both pyrolyzed and pyrolyzed and chemically enhanced cdfboosver mass ratiom this research
however the adsorption capacitf theprecursor material and of tieeated carbon iglmost equivaleniTherefore

the values obtained for experiment 1 may be ostliad are treated as such in the plotting of the isotherm.

With respect to the Langmuir isotherm paranmse{@iable 5)the g represents the maximum adsorption capacity of

the adsorbent in relation to the adsorbate, whilst the b represents the strength of adsorption between the adsorbent
the adsorbate. The values obtained indicate that the precursor material exhibies adsghption capacity than the
DCI™-treated carbon, but the strength with which the MB is retained on the precursor material is lower. These resu
are in line with the results obtained by Otero et al (2003) for the methylene blue adsorption capdsibytant

material obtained by the sewage sludge in the three different forms [able

Table 10: Otero et al (2003) adsorption results obtained for sewage sludge adsorbent material in three differdotms.

only dried and dried, pyrolyzed anc

dried ‘ pyrolyzed chemically enhance
Freundlich| Ky 7.518 6.755 4.723
parameters p 2.096 4.766 4.155
Langmuir| qmax 114.943 31.646 24.938
parameters| b 0.03 0.0136 0.0198

3.1.3. Kinetics

It can be observed that the DOPS carborfdmierkineticsthanthat of the NoritThis can beexplained by the smaller
particle size of the DOPS carbon when compardbegarticle size of the NoriTherefore, theame sample mass for

a DOPS carbon will contain more particland thus faster accessibility of the contaminants to more adsorption points.
Additionally, the smaller the carbon particles, the easier massiéraoi the contaminants through the carboours

(Marsh & RodrigueRReinoso, 2006b).

Furthermorepbserving the SENpictures DOPS carbon appears to have a higher numlaygef sized pores
indicaing a better access of the contaminants tcatsorbat volumeand a faster rate afdsorption (Kumar et al.,
2019).

For the precursor material, it can be observeditiit#illy the kinetics follows the one of the treated DOPS carbon
and then slows down. This may indicate an initial fast access of the contamirtastadsorption points of the
precursomaterial andvould be explained by the very fractured structuhéch can be observed in the SEM images.
Experiments conductdaly Otero et al. (2003ndicatethat only dried sewage sludbasfasterkinetics than that of
pyrolyzed sludge, but that is not observed in this case. What can be observed is that the kinetics of the precursor
material slows den at around hout. Thismayindicatethat dl theavailable adsorption sitémvebeen occupied by

this time and is confirmedby the precursor materiegachingsaturation capacity prior to the total removal of MB

from the watein experiment 3
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Various kinetics models can be used to describeitietiks of adsorption of the carbdror methylene blue
adsorption seconebrder kinetic models are timeost usedbut the determination of the kinetic model was beyond the
scope of this internship

3.1.4. pH trend

Throughout thedsorption experiment, the pHtime Noritdecreases slightfiyom 5.7 to 5.3following the trend of
the MB pH, and then remains stable at 5.3. The pH of the OPSthylene blue solutiodecreasebom 5310 4.6
This same trend was observed on repeated experiments for the DORS Eaabwplesaregiven inAppendix A.6

A possible explanatiofor thedecrease of pH in the DOPS carbon may béetree oxide (FeOs) present in the ash of
the carbonlf the iron occurs in the ash neas Fe(ll) or as Fe(0), rather thar-alll), (which is to be expected
because of the high temperature treatment in the presence of carbon, also the absence of the spdoijithethn
oxidation process may take place during the experiment, indpeirdecreaséEquation 1):

Equation 1. Hypothesized iron oxidation process on DOPS carbon
c' 0000 0 pfO0O T'OQ) 'O (Yo
3.1.5. Canal Water

Compared to commercial Norit carb@QPS carbon demonstrated a tagaffinity for the natural organic matter
contained in the canal wateemoving up to 61% as opposed\orit removal reaching 18%.hismaybe an
indicationthat the functional groups on the surface of the DOPS cambenactmore with the natural organic matter
which is wsually negatively chargeSillanpaa et al., 2015However, as sewage sludderived adsorbents are usually
negatively charged (Graham et al., 2001, higher affinityis more probablyorrelated to the larger pores on the
DOPS surfacevhich beteradapt to the size of NOM particl@&schermann et al., 2018)

The DOPS kinetics of adsorptiah methylene blue are slower when NOM is present in the water matrix, compared to
the Norit kinetics which are stable for both water matrix. Tinigher confirms the higher interaction of the DOPS
carbon with the NOM.

3.2. Leaching tests

The ICROES measurements confirm that leaching ocdurig the batch experimeniBhe extent of the leaching is
more dependent on tlseaking time of the carbon than the highemethylene blue concentratioBXperiment 5).
Higher leaching valueare observed for the treated material.

The maximum admissible values of heavy metal concentration in wastewater efflusgudatedoy the World
Health Organization angiven in Tablell.

Table 11: Permissible limits (ppm) of heavy metals in wastewater (source: WHO)
HeavyMetallon Permissibldimit in WW effluent (ppm)

arsenic| 5

copper| 2
lead | 0.01

zinc| 3
nickel| 0.02
chromium| 0.05
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The operational time of a GAC in industrial processesbeayears. Depending on the amount of carbon used and the
volume of the GAC reactor, it is recommended that the lead¢tongthe DOPS carbon is monitored, especiaiith
regard tazinc and copper.

5. Recommendations  for further testing

1 Perform duplicaten DOPS carbaras discusse@xperiment 1 or experiment(bable 4)for DOPS material
may be an outlier. It is suggested to perform a duplicate to confirm the results and fit the isotherm with highe
precision. Alternativelyperforming additonal experimentsth different mass ratiow further develophe
isotherm of thddOPS carbon is recommmendédtass ratios in the high range (higher than 0.1) should be
analysed

1 Quantitative determination of the carbon specific surface #reapecific surface area (SS#iyes indication
on the pore area available in the carbon,iatisusdirectly related to the adsorption capagitith higher
surface area indicatirtggher availability of adsorption sit¢svuozor et al., 2021bSSAalsogives additional
information on theinetics of adsorptiorwith higher SSAndicating higher adsorption kinetidsurthermore,
SSA can also provide information on the pore sizes, as a higher SSA is correlatie wrégsence of
microporegKumar et al., 2019)Calculating the SSA value withethods such asercury porosimetryan
provide useful information for further characterization of the DOPS caflilenpresence and extent of
micropores and mesopores can also be measured with higher magnification electron microscopy and gas
adsorption.

I Testthe carbon performander different types of contaminantsvaluate the adsorption capacity o€ thOPS
carbonfor different types of contaminandsd/or dyes of different characteristiggh respect to molecular
size and with respect to charge affinigyaluate adsorption capacity pliarmaceuticals

1 Perform triplicates of experiment® convalidate the resujtespecially in relation to the isotherms.

1 Develop theKinetics modebf the carbonFurther evaluation of the carb&meticsand adaptation tolkinetic
model(i.e. Homogeneous Surface Diffusion Model or pore diffusion modéiljs canprovide further detail
onthe mechanism of adsorption of the carfoK r s t i land or2othécdrhon parameters (Diffusion
Coefficient)which can help predict how the carbon perfoimdifferent types of reactors.

1 Column reactotests Batch adsorption experiments are an easily applicable experiment to obtain a
preliminary idea of the characteristicstbécarbon. However, they do not providdiable results on how
granularcarbon will perform when used in industrial applicatiombere GAGs applied using columfilters
with continuousvaterflow. In this setting, the granular carbon is operated until complete exhaustion of its
loading capacity, and tresorbate diffusiothrough the carbon pores is favoured due to the lower water
turbulence around the pores. Thus, better results both for kinetics and for carbon loading can be expected
when conductingolumn tests, as opposed to shaken batch festting the DOPS carban column reactors
can give a better indication on tetectivecarbon breakthroughhus providing further information for
characterizing theffective performance of tigranular carbon

6. Recommendations for DOPS Recycling Technologies

1 Additional pretreatment of the DOPS carbdefore usingt as an adsorbent can further increase the
adsorption capacitypOPS carbon underperforms compared to commercial carbonstéhadsorbate
concentration is much higher than the adsorbent rifass et al., 2017 indicates thizsermal(with oxygen at
high temperaturesjr chemical activationxjith acid salt or oxidant) further enhances the porous structure of
activated carbonhts increasinghe number of adsorption pores imsurface and its overall adsorption
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capacity.Otero et al. (2003}onfirms that the adsorption capacity of a chemically activated pyrolysed sludge
is higher than that of the equivalent material whichily pyrolysed. Considering an activation stgm make
DOPS carbon moreompetitivewith other carbons available on the market.

7. Conclusions

The research done throughout this internship aimed at evaluating the quality standards ofthe®@®@éred carbon
from the thermochemical reactor under development at DOPS Recycling Techndtegigssarecompared with the
performance of commercially available carbon, and conclusi@drawn on the possibility of reuse of the DI
carbon in thevastewater industry and recommendations to improve the adsorption efficiency.

SEM-EDX analysis conducted to evaluate the surface morphology oftbenhighlightsthe presence of a porous
structure both on the surface and in the internal volume of thercd.arger sized poregppear more common for the
DCI™-carbon when compared to commercially available Norit carbon.

Batch adsorption experiments confirm the adsorption capacity of thé!f2@tbon When comparing the performance
with that of commerciaNorit GAC 830 Rthe DCIMM-carbon exhibits comparabéelsorption at lower mass ratjos

whilst at higher mass ratios the D®icarbon underperforms, highlighting the need for further treatment to enhance
the porous structure of the carbon and increasaviéable adsorption sites. Chemical activation is proposed as a
possibility. The DCM-carbon exhibits a faster adsorption kinetics than Norit; this is attributed to the smaller particle
size which the DOPS carbon acquires during the thermochemicalérgatrastly, the DOPS carbon displays a higher
affinity for natural organic matter, which can be attributed to the chemical surface characteristics of the DOPS carbc
or to the larger pores observed in the SEM analysis which are more compatible with @M ganensions.

The precursor material demonstrates similar kinetics to thé"Bx@ated material but reaches saturation faster, thus
evidencing the lower number of available adsorption sites available in its strédtlower mass ratios, the tredte
material performs better than the raw sewage sladdeaccomplishes complete removal of the contaminant while the
raw materiadoes notAt higher mass ratios however, the precursor material performs better than tHetie&led
carbon, confirming liteature experiments which state teatvage sludge which is only dried perforpester than
thermally and chemically treated sewage slutigre extensive analysis dhe performancat higher mass ratiasf

the raw and treated materialneeded to develgmnclusions.

The leaching testsonfirm zinc and copper leaching from the DOPS carbon at pH value of 4.5. The leaching of the
other metals present in the carlmenegligible for thecarbonmassand solution volume useHigher leaching occurs
for the DOPS carbon after treatment
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Appendix

A.1 Methylene Blu&tock solutiomand Dilutions
A.1.1. Methylene Blue stock solution 1

Stock solution 1

volume stock solutiord MB concentration stock o
L Mass MB (g) solution 1 (g/L) pH Temperature (°C)
1 0.5 0.5 5.062 15.7
A.1.2. Methylene Blue stock solution 2
Stock solution 2
volume stock solution MB concentration stock
Mass MB (g) .
2(L) solution 2 (g/L)
0.5 1.0 2
A.1.3. MB dilution s: preparation of solution bottles
Initial MB Stock solution used Stock solution DemiwatefCanal Total solution
concentration (mg/L) Volume (mL) waterVolume (mL) Volume(mL)
20 1 20 480 500
200 2 50 450 500
A.2 Methylene Blue Calibration Curve
A.2.1. Calibration standards for MB
calibration
standards
Concentration mass MB Dilution Demi Stock Absorption vct)(I)LEi:e
(mg/L) mg X water (uL) (A) (L)
(ml)
Blanc 0 0 - 10 - 0 0.01
1 1 I 0.01 500 9.980 20 0.266 0.01
2 2 0.02 250 9.960 40 0.493 0.01
3 3 0.03 166.67 9.940 60 0.709 0.01
4 4 0.04 125 9.920 80 0.915 0.01
5 5 0.05 100 9.900 100 1.121 0.01
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Absorbance [A]

1.2

0.8

A3

A.2.2. MB calibration curve

Methylene Blue calibration curve

Rz = 0,9977
o
o
3 4 5

Concentration [mg/L]

A.2.3. MB calibration curve parameters and equation

y = 0.2219x

calibration curve + 0.0291

intercept

slope

0.029

0.221

Adsorption experiments

A.3.1. DOPS carbowith demiwater

Experiment 1

carbon Dose

(g/L) (9/0.5L) Mass Ratio
0.05 0.025 0.4
0.854 3.717
1.342 5.915
1.331 5.866
1.324 5.834
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20
18.583
17.746
17.597
17.503



1.301 5.731 3 17.192
1.28 5.636 3 16.908
1.242 5.465 3 16.394
205 1.248 5.492 3 16.475
]
carbon
removal efficiency =~ -0
(%) (mg/L/g/l)
18% 70.49433574 16.475
Experiment 2
carbon Dose
(g/L) (g/0.5L) Mass Ratio
0.5 0.25 0.04
- concentration Dilution MB |
MB absorbance (mg/L) concentration
time (h) (A) (mg/L)
| o |
5
3
3
3
3
1
1
. 205 1
1
removal efficiency = - e e
(%) (mg/L/g/l)
76% 30.53939238 4.730
carbon
Dose (g/L) (g/0.5L)
0.5044 0.2522
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concentration

Dilution

P P PP = 0101 ool ool

Experiment
carbon
Dose
(g/L) (g/0.5L) | Mass Ratio
5 2.5 0.004
concentration Dilution MB
concentration
(mg/L)
| 0 | 1 20
1.764 7.817 1 7.817
1.235 5.433 1 5.433
0.769 3.334 1 3.334
0.416 1.743 1 1.743
0.236 0.932 1 0.932
0.071 0.189 1 0.189
-0.015 0.000 1 0.000
. 205  -0.017 0.000 1 0.000
-0.003 0.000 1 0.000
carbon
removalefficiency - -
(%) (mg/L/g/l) e
100% 4 0.000
carbon
Dose (g/L) (g/0.5L)
5 2.5
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MB

concentration - :
Dilution concentration

(mg/L)

20.000

0.867 3.775 5 18.876
0.253 1.009 1 1.009
0.072 0.193 1 0.193
0.017 0.000 1 0.000
0.003 0.000 1 0.000
0.016 0.000 1 0.000
0 0.000 1 0.000

Experiment 3

carbon
Dose
(g/L) (9/0.5L)
2 1

concentration Dilution MB
(mg/L) concentration
(mg/L)
. os4 3.807 5 19.033
0.493 2.090 5 10.450
1.088 4.771 1 4.771
0.703 3.036 1 3.036
0.333 1.369 1 1.369
0.181 0.684 1 0.684
0.048 0.085 1 0.085
0.001 0.000 1 0.000
0.001 0.000 1 0.000
0.001 0.000 1 0.000
31 0.001 0.000 1 0.000
removal efficiency =~ -0 e e
(%) (mg/L/g/l)
100%  9.516606591 0.000

carbon Dose (g/L) (9/0.5L)
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MB
_ MB (mg/L) Dilution | concentration
time (hours) absorbance (A) (mg/L)

concentration

I e N N = T = N = e

30
carbon
removal efficiency = -l e
(%) (mg/L/g/l)

100% 8.446511329 0.000

Experiment 5

carbon

Dose

(g/L) (9/0.5L)
2.016 1.008

concentration o MB
Dilution
time | Absorbance (mg/L) concentration
(hours) (mg/L)
. 0855 3.721 50 186.052
0.705 3.045 50 152.259
0.614 2.635 50 131.758
. 0579 2.477 50 123.874
0.535 2.279 50 113.961
0.54 2.302 50 115.088
0.528 2.248 50 112.384
0.53 2.257 50 112.835
0.512 2.176 50 108.780
0.51 2.167 50 108.329
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removal efficiency

(%)

42% 38.55293

A.3.2. DOPS carbon with canal water

Experiment 4

mass ratio
carbon (mgMB/mgGAC
Dose (g/L) (9/0.5L)

5 2.5 0.004

0.83 0.206

0.299 0.08

0.728 0.266

0.338 0.169

0.073 0.099

0.03 0.081

MB removal (%)

100%
NOM removal
61%
A.3.3. Norit carborwith demiwater
Experiment 3
carbon Doség/L) (g/0.5L)
2 1

3.607621009

31

Ce
108.329

3.608
1.216
3.149
1.392
0.198
0.004

Ce

Y e

0.004



time (hours)

Experiment 2

concentration MB

Dilution
MB (mg/L) concentration

absorbance (A) (mg/L)

6
5
1
1
1
1
1
1
1
1
0.002 0.000 1 0.000
carbon
loading ge
MB removal (%)
100% 9.635684861 0.000

carbon Dose (g/L)

(g/0.5L)

0.503

0.2515

time (hours)

concentration Dilution MB

(mg/L) concentration
Absorbance (A (mg/L)

P PP = 01O o1 o1 OOl
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carbon
loading ge
MB removal (%)

84% 32.85129593

Experiment
carbon
Dose
(g/L) (9/0.5L)
5 2.5

concentration Dilution MB |
concentration
(mg/L)
| 0 | 5
5
1
1
0.189 0.720 1 0.720
carbon
loading ge
MB removal (%) o " Ce
97% 4.032055 0.720
Experiment 5
Norit (GAC
830 P.) 22/02/2023

carbon Dose
(g/L) (9/0.5L)

2.006 1.003
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concentration MB

Dilution
(mg/L) concentration

time (hours) Absorbance (A) (mg/L)
187.178

0.736 3.185 50 159.243
0.602 2.581 50 129.055
0.556 2.374 50 118.692
0.373 1.549 50 77.465
0.337 1.387 50 69.355
0.301 1.225 50 61.245
0.226 0.887 50 44.349
0.207 0.801 50 40.068
0.188 0.716 50 35.788

carbon
loading ge
MB removal (%) < " Ce

81% 75.46875 35.788

A.3.4. Norit carbon with canabater
Experiment 4

mass ratio
(mgMB/mgGAC
carbon Dose (g/L) (9/0.5L)
5 2.5 0.004

concentration
Absorbance Absorbance (mg/L)

time (hours) MB (A) NOM (A)
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carbon

loading ge

MB removal (%) o /fe Ce

100% 3.583290422 0.080
NOM removal

18%

A.3.5. Precursor material
Experiment 1

carbon Dose
(g/L) (9/0.5L)
0.05 0.025

concentration MB

Dilution
(mg/L) concentration

time (hrs) (mg/L)

N
w
[ J@ 2 IS 2 @) BNG 2 @2 BN 6 ) BN @2 N6 BNy

N
©

~
. W (N[~

carbon
removal efficiency = - -
(%) (mg/L/g/l)
23% 85.60762101 15.474
Experiment 2
carbon Dose

(g/L) (9/0.5L)
0.5 0.25

concentration Dilution MB

(mg/L) concentration
(mg/L)




0.519 2,207 5 11.036
0.484 2.049 5 10.247
. 039 1.626 5 8.130
0.347 1.432 5 7.161
0.866 3.771 1 3.771
26 | 0824 3.581 1 3.581
0.732 3.167 1 3.167

removal efficiency | - e
(%) (mg/L/g/l)
84% 32.27342945 3.167

Experiment 3

carbon
Dose
QL) | (g/0.5L)
2 1
. concentration Dilution MB .
concentration
(mg/L)
0898 3.915 5 19.574
0.438 1.842 5 9.211
1.286 5.663 1 5.663
1.035 4.532 1 4.532
0.888 3.870 1 3.870
0619 2.658 1 2.658
0.541 2.306 1 2.306
0.299 1.216 1 1.216
. 26 0284 1.148 1 1.148
0.241 0.955 1 0.955

carbon
removal efficiency = =i
(%) (mg/L/g/l) K&
95% 9.309668 0.955

A4 Adsorption experiment replicates

experiment DOPS
number values  carbon
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actual

Co 20
2 Ce 4,730

ge 30.539

" removal 76%

actual

Co 20
3 Ce 0

ge 4

" removal 100%

actual

Co 16.893

Ce 0.0
3 ge 8.447

" removal 100%

A5 Kinetics

A.5.1. Methylene blue andarbons

Kinetics comparison

20
15
)
o
E
O 10
5
Y <
¥
0
0 5 10 15 20
time (h)
MB  —e—Noritexp 3 DOPS carbon exp 3 DOPS precursor exp 3
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A.5.2. DOPS carbon
Kinetics DOPS D5

25
20 @
— %o [ XN J
J15 | %
=2 [ .
£ ° @ experiment 1
0 10 . e @ experiment 2
5 |e %e ° @ experiment 4
[ J
()
0 % oo ®
0 5 10 15 20 25 30
time (hr)

A.5.3. Precursor

Kinetics DOPS precursor

25.000
20.000 g
®0ee 40
—_ [ [
—
35 15.000 | ¢
= ° @ experiment 1
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A.5.4. DOPS vs Norit
Kinetics DOPS vs Norit experiment 4
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MB concentration (mg/L)
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A.6 pH trend

pH trend Adsorption Experiments
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A7 SEM images
A.7.1. External Surface

Norit x150 DOPS x150
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DOPS x500
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A.7.3.Qut - surface

DOP&2000
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e e ,
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A.7.4. External surface

Precursor x150 DOP%150

KV X150 100pm&

A.7.5. Sacrificial Sludge vs DOPS carbon

Sacrificial sludge x500 DOPS x150
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A.8 Isotherms
A.8.1.DOPS linearization

DOPS linearised Langmuir
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A.8.2. Norit linearization

Norit linearised langmuir
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A.8.3. Noritisotherm

Isotherm Norit
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A.8.4. Precursor linearization

DOPS precursor linearised Langmuir
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precursor linearised Freundlich
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A.8.5. Precursor isotherm
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A.9 Leaching tests

A.9.1 Expected concentrations for experiments on DOPS carbon

L (adsorption
experiment, pH

na pyrolosis g kg 4.5)
carbon 1 0.001
Adsorption Solution Volume 0.5
mg/kg
in mg/L (max
carbon mg potential in water)
As 11.7 0.0117 0.0234
Cr 121.9 0.1219 0.2438
Cu 497.9  0.4979 0.9958
Zn 1316 1.316 2.632
Ni 99.9 0.0999 0.1998
Pb 8.74  0.00874 0.01748

A.9.2 Expected concentrations for precursor material

L (adsorption
experiment, pH

voor pyrolysis g kg 4.5)
carbon 1 0.001
Adsorption Solution Volume 0.5
mg/kg
in mg/L (max
carbon mg potential in water)
As 13.2 0.0132 0.0264
Cr 115.7 0.1157 0.2314
Cu 481 0.481 0.962
Zn 2283 2.283 4.566
Ni 96.1 0.0961 0.1922
Pb 109.1 0.1091 0.2182
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A.9.3 Leaching tests: precursor material HOBS results aifferent wavelengths

experiment | soaking | As (188.980 nm) | As Cr (267.716 nm) Cu Cu Cu (324.754 | Cu (224.700 nm) | Cu Average pp
n time ppm (193.696| ppm (327.395 | (219.227| nm) ppm ppm
(hr) nm) nm) ppm | nm)
ppm ppm
1 51 0.002 0.004 -0.001 0.045 0.047 0.05 0.048 0.05
2 51 0 0.001 -0.001 0.036 0.037 0.04 0.04 0.04
3 51 0 0.002 -0.001 0.011 0.011 0.01 0.013 0.01
Ni (231.604| Ni Ni (221.648 nm) | Ni Pb (220.353 nm) Zn Zn Zn (206.200 | Zn (334.502 nm) | Zn Average ppm
nm) ppm (216.555| ppm Average | ppm (213.857 | (202.548| nm) ppm ppm
nm) ppm nm) ppm | nm)
ppm ppm
0.006 0.007 0.006 0.01 0.002 0.017 0.017 0.016 0.01 0.02
0.001 0.002 0.001 0 0.003 0.007 0.008 0.007 0 0.01
-0.001 0 0 0.003 0.008 0.008 0.008 0.01 0.01
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EDX analys is results
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Project 1 212312023 9:43:47 AM

Project: Project 1 Sample:Commercial Noriti externalsurface
Owner: INCA Type: Default
Site: Site ofinterest 1 ID:

& ‘Sp_ect'r_gmj

) Jmry
" =

%S pectrum 4. -

' 100um ' Electron Image 1

Processing option : All elements analygBidrmalised)

Spectrum Instats. C (0] Na Mg Al Si S K Ca Ti Fe Total
Spectrum 1 | Yes 13.18 5420 0.61 0.61 10 1498 0.76 2.35 2.73 100.00
Spectrum 2 | Yes 35.89 2345 0.20 10.81 24.05 0.28 3.20 0.50 1.63 100.00
Spectrum 3 | Yes 19.%5 4555 0.44 0.44 1113 17.09 0.28 247 0.32 2.52 100.00
Spectrum 4 | Yes 93.06 6.22 0.73 100.00
Max. 93.06 5420 061 061 11.13 2405 0.76 320 032 050 273

Min. 13.18 6.22 0.20 044 1059 1498 028 235 0.32 050 1.63

All results in weight%



2/23/2023 9:44:08 AM

Project 1

Project: Project 1
Owner: INCA
Site: Site of Interest 3

Sample:
Precusor material externalsurface

Comment:

= “Spectrum 1
| & e
P %

Processing option : All elements analysed (Normalised)

Spectrum

Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4
Spectrum 5

Max.
Min.

Instats. C (0] Na Mg Al Si P S K Ca Ti Fe Total

Yes 50.81 31.28 0.37 230 3.34 127 237 056 238 5.33 100.00
Yes 4570 40.95 046 268 2.62 151 143 039 1.99 2.26 100.00
Yes 3245 34.30 0.58 4.16 6.05 5.04 275 050 5.72 8.46 100.00
Yes 16.65 5552 0.21 109 0.92 0.67 9.26 0.16 1.04 14.47 100.00
Yes 1536 44.09 119 245 695 1449 116 053 033 928 048 3.70 100.00

50.81 5552 119 245 6.95 1449 926 275 056 928 048 14.47
1536 3128 0.21 0.46 0.92 0.67 1.16 0.16 0.33 1.04 0.48 2.26

All resultsin weight%



2/23/2023 9:44:18 AM

Project 1

Project: Project 1
Owner: INCA
Site: Site of Interest 1

Sample:
Precursor materidl cut surface

Commaent:

. .‘gpectrum 3‘ > =

Processig option : All elements analysed (Normalised)

Spectrum

Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4

Max.
Min.

Instats. C (0] Na Mg Al Si P S K Ca Fe Total

Yes 32.07 48.00 0.19 033 376 871 199 116 0.28 1.60 190 100.00
Yes 4735 4122 0.15 040 3.05 221 1.37 0.72 152 2.00 100.00
Yes 28.22 36.69 5.04 924 1486 097 065 146 126 1.60 100.00
Yes 3988 3321 0.64 483 5.89 280 263 119 197 6.96 100.00

4735 48,00 504 064 924 1486 280 263 146 197 6.96
28.22 3321 0.15 033 3.05 221 097 065 028 126 1.60

All results in weight%



2/23/2023 9:44:38 AM

Project 1

Sample:
DOPSDCI carboni externalsurface

Project: Project 1
Owner: INCA
Site: Site of Interest 1

Comment:

Processing option : All eleents analysed (Normalised)

Spectrum Instats. C (0] Na Mg Al Si P S Cl K Ca Ti Fe Total
Spectruml | Yes 3.42 38.47 0.33 0.52 18.04 134 2.36 34.52 1.01 100.00
Spectrum 2 | Yes 7.90 13.03 0.82 0.66 11.19 1.82 1.10 63.49 100.00
Spectrum 3 | Yes 30.33 3961 050 211 1383 350 3.04 1.23 041 225 0.19 3.00 100.00
Spectrum 4 | Yes 13.09 2211 036 331 2566 7.86 6.25 256 066 163 1157 0.88 4.08 100.00
Spectrum 5 | Yes 29.07 3389 0.63 1.00 6.79 7.95 491 1.39 0.66 7.49 6.23 100.00
Max. 30.33 3961 063 331 2566 795 18.04 256 236 163 3452 0.88 6349

Min. 3.42 13.03 0.36 0.33 0.52 0.66 3.04 1.23 066 041 1.10 0.19 1.01

All results in weight%



2/23/2023 9:45:01 M

Project 1
Project: Project 1 Sample:
Owner: INCA DOPS DCI carboii cutsurface mineral

Site: Site of Interest 1

.

Comment:

S
- e € ¥ @Spectrum 2| oSS

:G'( I;’

~ TSE)ec?rum 1

-

Processing option : All eleents analysed (Normalised)

Spectrum Instats. C F Mg Al Si P Ca Fe Total
Spectrum 1 | Yes 18.10 2.71 0.18 045 2762 0.28 50.6/ 100.00
Spectrum 2 | Yes 2124 271 027 023 0.17 2945 0.33 4559 100.00
Max. 2124 271 027 023 045 2945 0.33 50.67

Min. 18.10 2.71 0.27 0.18 0.17 27.62 0.28 45.59

All results in weight%



2/23/20239:45:09 AM

Project 1

Project: Project 1
Owner: INCA
Site: Site of Interest 2

Sample:
DOPS DCI carboii cutsurface

Comment:

Processing optin : All elements analysed (Normalised)

Spectrum Instats. C (0] Na Mg Al Si P S Cl K Ca Fe Total
Spectrum 1 Yes 3188 3273 047 056 544 885 425 106 027 081 564 803 100.00
Mean 3188 3273 047 056 544 885 425 106 027 081 564 803 100.00
Std. deviation 0.00 0.00 0.00 000 0.00 000 0.00 000 0.00 0.00 0.00 0.00

Max. 3188 3273 047 05 544 885 425 106 027 081 564 8.03

Min. 3188 3273 047 056 544 885 425 106 027 081 564 8.0

All results in weight%



2/23/2023 9:45:16 AM

Project 1

Project: Project 1
Owner: INCA
Site: Site of Interest 1

Sample:
Sacrificialsludgei cutsurface

Commert:

Processing option : All elements analysed (Normalised)

Spectrum Instats. C 0] Na Mg Al Si P S K Ca Fe Total
Spectrum 1 Yes 895 4736 0.71 097 1129 817 6.01 053 082 554 9.66 100.00
Spectrum 2 Yes 446 4830 0.78 1.09 1084 940 6.85 053 1.14 583 10.78 100.00
Mean 6.70 4783 0.74 103 1106 878 6.43 053 098 568 10.22 100.00
Std. deviation 3.17 0.66 0.05 0.08 0.32 0.87 059 0.00 023 021 0.79

Max. 895 4830 0.78 109 1129 940 6.85 053 114 583 10.78

Min. 446 4736 0.71 097 10.84 8.17 6.01 053 0.82 554 9.66

All results in weight%



2/23/2023 9:45:20 AM

Project 1

Sample:
Sacrificialsludgei cutsurface

Project: Project 1
Owner: INCA
Site: Site of Interest 2

Comment:

Processing option : All elementealysed (Normalised)

Spectrum Instats. C (0] Na Mg Al Si P S K Ca Ti Fe Total
Spectruml Yes 10.03 4762 039 092 914 691 925 027 069 526 051 9.02 100.00
Spectrum 2 Yes 10.73 4513 049 099 712 754 791 057 086 635 0.26 12.05 100.00
Mean 10.38 46.37 044 096 813 7.22 858 042 0.77 581 039 1053 100.®
Std. deviation 0.50 1.77 0.07 005 143 045 095 022 012 0.77 018 214

Max. 10.73 4762 049 099 914 754 925 057 086 635 051 12.05

Min. 10.03 4513 039 092 712 691 791 027 0.69 526 0.26 9.02

All results in weight%



2/23/2023 9:45:26 AM

Project 1

Projed: Project 1
Owner: INCA
Site: Site of Interest 3

Sample:
Sacrificialsludgei cutsurface

Comment:

6 Spect
ectrum
Ap s

Processing option : All elements aysgd (Normalised)

Spectrum

Spectrum 1
Spectrum 2

Mean

Std. deviation
Max.

Min.

Instats. C (0] Na Mg Al Si P S K Ca Fe Total
Yes 1161 4416 046 061 6.71 7.02 851 023 091 464 1514 100.00
Yes 10.35 4407 062 073 720 7.09 876 031 092 479 1517 100.00

10.98 4411 054 067 695 7.05 863 027 091 472 1516 100.00
0.89 0.06 0.12 009 035 005 018 0.06 0.01 0.10 0.02

1161 4416 062 073 720 7.09 876 031 092 479 1517

10.35 4407 046 061 6.71 702 851 0.23 091 464 15.14

All results in weight%



2/23/2023 9:45:32 AM

Project 1

Project: Project 1
Owner: INCA
Site: Siteof Interest 4

Sample:
Sacrificialsludgei cutsurface

Comment:

Processing option : All elements analysed (Normalised)

Spectrum Instats C (0] Na Mg Al Si P S K Ca Fe Total
Spectrum 1 Yes 446 4731 067 057 826 7.73 9.59 026 096 551 14.69 100.00
Spectrum 2 Yes 542 4654 065 083 757 6.94 10.03 037 1.14 497 1553 100.00
Mean 494 4693 066 070 791 7.33 981 0.32 105 5.24 1511 100.00
Std. deviation 0.68 0.55 0.02 019 049 056 031 0.08 0.13 0.38 0.60

Max. 542 4731 067 083 826 7.73 1003 037 114 551 1553

Min. 446 4654 065 057 757 6.94 9.59 0.26 096 4.97 14.69

All results in weight%



Project 1

Project: Project 1
Owner: INCA
Site: Site of Interest 5

Sample:
Sacrificialsludgei cutsurface

Comment:

{ ;ie_ctrum 1]

)

B pectrumu 3;”
) =

Processing option : All elements analysed (Normalised)

Spectrum

Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4

Max.
Min.

Instats. C (0] Na Mg Al Si P S K Ca Fe Total

Yes 3.92 44.36 425 30.34 257 0.32 182 12.43 100.00
Yes 488 2316 041 037 549 4.09 2.78 1.89 56.94 100.00
Yes 56.92 0.27 0.18 205 3652 1.17 025 0.26 0.73 1.66 100.00
Yes 537 19.64 0.47 043 4.44 383 5.49 0.53 1259 47.23 100.00

537 5692 047 043 549 3652 549 025 053 1259 56.94
3.92 19.64 0.27 0.18 2.05 3.83 117 025 0.26 0.73 1.66

All results in weight%
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